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Abstract 
Heuvelink, E, 1996. Tomato growth and yield: quantitative analysis and synthesis. 
Dissertation, Wageningen Agricultural University, Wageningen, The Netherlands, 326pp; 
English, Dutch and German summaries. 
In this thesis, the responses of tomato crop growth and yield to greenhouse climate (light, tempera-
ture and C02 concentration) and crop management (plant density and fruit pruning) were analysed 
and quantified. A simulation model, TOMSIM, was developed, using existing explanatory crop 
growth models for tomato, and validated. 
Sink demand, influenced by fruit pruning (retaining two to seven fruits per truss), did not influ-
ence dry matter production per unit of intercepted radiation. Measurements in daylit phytotron 
compartments showed an increase in crop photosynthesis with 17%, when C02 concentration 
increased from 500 to 900 umol mol'. Based on periodic destructive measurements in 12 experi-
ments, a crop efficiency of 2.5 g dry matter MJ"' PAR (photosynthetically active radiation) was 
observed. At the end of most experiments, 54-60% of total dry matter produced was partitioned into 
the fruits and the ratio between produced leaf and stem dry weight was 7:3. For late autumn 
plantings, only 35-38% was partitioned into the fruits, owing to poor fruit set. From first harvest 
onwards, an (almost) constant partitioning existed: 70% of dry matter was distributed to the fruits, 
when the number of fruits per truss was seven. 
Dry matter partitioning was strongly influenced by the number of fruits on the plant. Generative 
sink strength appeared to be proportional to the number of fruits per truss (two to seven fruits per 
truss). Temperature (18-24°C) and assimilate supply (varied by plant density, 1.6-3.1 plants m"2) 
had no direct influence on dry matter partitioning. In double-shoot plants, where either all trusses 
were removed from one shoot or every other truss was removed from both shoots at anthesis, dry 
matter partitioning was the same, supporting the assumption of one common assimilate pool, i.e. no 
influence of phloem transport resistance on partitioning. 
In TOMSIM, potential crop growth rate is simulated, based on leaf photosynthesis rate, crop 
light interception, maintenance respiration rate (Rm) and conversion efficiency from carbohydrates 
to structural dry matter. The canopy is assumed to be composed of leaves with identical photosyn-
thetic and respiratory characteristics. Dry matter partitioning is simulated based on the sink 
strengths of the plant organs, where sink strength of an organ is described by its potential growth 
rate. The model was validated thoroughly, both at the level of submodels and as a whole, using 
independent experimental data as well as measurements on commercially grown crops. In general, 
model predictions agreed well with the measurements. Simulated crop growth appeared to be very 
sensitive to LAI simulation, especially at low LAI. At low light intensity and/or high crop biomass, 
crop growth rate was underestimated, most likely as a result of overestimation of Rm under these 
conditions. Simulation results improved, when Rm was related to crop metabolic activity, described 
by crop relative growth rate. The simulation of specific leaf area, flower and/or fruit abortion and 
R„, requires more investigation. The possibility of generalisation of the model to other (greenhouse) 
crops, and the possible applications of the model in supporting grower's decisions, in research and 
in education are discussed. 
Key words: assimilate supply, crop photosynthesis, C02, crop growth, development, dry matter 
distribution, fruit load, fruit pruning, fruit thinning, glasshouse transmission, irradiance, leaf area 
index, light, light interception, Lycopersicon esculentum Mill., partitioning, phloem resistance, 
simulation model, sink-source, temperature, tomato, TOMSIM, validation. 
Die Tomate 
Liebesapfel nennt ihr mich, 
Das ist nicht übertrieben, 
Denn ich sage: kennt ihr mich, 
So müßt ihr mich auch lieben. 
(Petersen, 1916) 
In dankbare herinnering aan mijn vader 
Aan mijn moeder 
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General introduction 
Protected cultivation of vegetables, cut-flowers and ornamental plants is the most 
recently developed specialisation of horticulture. Today's greenhouse cultivation may 
be considered as the most intensive and sophisticated form of crop production, often 
referred to as the greenhouse industry, thus emphasising the role of technology in the 
whole process (Bakker and Challa, 1995). Protected cultivation ranges from row 
covers (small tunnels) to unheated and heated greenhouses and is mainly concentrated 
in the temperate latitudes between 40 and 55°N (Hurd and Sheard, 1981). Modern 
sophisticated greenhouses enable refined management of the production process 
(Challa, 1990) through control of temperature, water vapour pressure (heating, venti-
lation), CO2 concentration (pure CO2 or exhaust gasses), radiation (supplementary 
lighting, shade screens) and the root environment (soilless cultivation, bench heating). 
Protected cultivation, while effective in terms of production control and the eco-
nomic value produced per unit ground area, is associated with high inputs, such as 
labour, capital and energy (Table 1). 
Table 1. Annual costs (Dfl./m2) of greenhouse production 






The knowledge required for optimal management and control of the production 
process in protected cultivation is quite extensive for a number of reasons. As pointed j 
out above, sophisticated greenhouses enable refined control of most of the essential j 
production factors, often dynamically, creating many options in many combinations. 1 
Furthermore, a large variation of crops and cultivars, particularly in ornamental 
horticulture, are grown, with quite different properties and requirements. Further 
complications arise from the diversity in cultivation systems that are in use (Challa et 
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al, 1994). 
In this vast field of knowledge, it is important to develop generic methods that 
could contribute to improved management and control of the production process in 
protected cultivation. A powerful method to represent and combine knowledge in a 
generic way is the use of explanatory models (Challa et al, 1994). As opposed to the 
more common empirical research, explanatory models (simulators; Acock and Rey-
nolds, 1989) enable a scientific approach to agricultural problems by incorporating 
knowledge on underlying processes. Development and use of simulators in the agricul-
tural sciences started some 30 years ago (Loomis et al, 1979). Most of the crop 
growth simulators currently available are for agricultural crops: cotton, wheat, soy-
bean, etc. (Acock and Reynolds, 1989), although greenhouse culture offers far more 
potentials for application: the fact that the environment is under close control, that 
often more than one crop is grown in a year, and that the production costs per unit of 
production are high, make it worthwhile to plan and to optimise the culture carefully 
(Challa, 1985). 
Greenhouse crop production 
The physical yield of a greenhouse crop is determined by dry matter production, dry 
matter distribution and dry matter content of the harvestable organs (Fig. 1). Besides 
affecting the amount of product, these attributes also influence product quality and 
therefore product price. 
Dry matter production rate of a uniform stand of vegetation is often closely related 
to the interception of radiant energy of the foliage (Russell et al, 1989). In a green-
house, the greenhouse cover is a barrier reducing the amount of radiant energy outside 
before it reaches the crop. Greenhouse transmission is, among other factors, dependent 
on the greenhouse construction, the optical properties of the cover and the angle of 
incoming radiation (Critten, 1993; Bot and Van de Braak, 1995). Light interception by 
a crop is mainly determined by crop leaf area index (Monsi and Saeki, 1953). The 
utilisation of intercepted light for crop growth mainly depends on leaf photosynthetic 
characteristics and respiration rates. In greenhouse cultivation, C02 enrichment is 
common practice (Nederhoff, 1994). At increased CO2 concentration both initial 
photochemical efficiency (Nilsen et al, 1983; Starzecki and Czarnowski, 1989) and 
light-saturated photosynthetic rate (Gaastra, 1959; Woodrow and Grodzinski, 1987; 
Starzecki and Czarnowski, 1989) increase. Two functional components of respiration 
can be distinguished: maintenance and growth respiration (Amthor, 1989). The former 
is defined as respiration associated with the maintenance of existing biomass and 
includes respiration as a result of protein turnover and maintenance of ionic gradi-
ents across cell membranes (Spitters et al, 1989). It depends strongly on tern-
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Fig. 1. Simplified relational diagram of growth for an indeterminately growing greenhouse fruit 
vegetable. Boxes are state variables, circles are parameters and valves are rate variables. Solid 
lines represent carbon flow and dashed lines represent information flow. DMC = dry matter 
content, SLA = specific leaf area. 
perature, the main climatic factor controlled in greenhouses. Maintenance respiration 
influences crop growth rate in particular at high biomass and low light conditions (low 
crop gross photosynthesis rate): both situations occur in greenhouses, because of an 
(almost) year-round cultivation. Growth respiration is defined as the respiration 
associated with the synthesis of new biomass and results from the biochemical conver-
sion of substrate formed in photosynthesis or through breakdown of reserves to 
structural crop dry matter. Growth respiration depends on the composition of the 
substrate and of the structural dry matter, which may differ among crops and for 
different plant organs. The growth coefficient (mg CO2 g'1 dry mass synthesised) is 
usually thought to be relatively unaffected by temperature on theoretical grounds 
(Johnson and Thornley, 1985). However, if temperature influences dry matter parti-
tioning, the growth coefficient of the plant as a whole may change, with changing 
composition of the biomass produced. 
Only dry matter allocated to the harvestable organs contributes to yield (Fig. 1). In 
some cases (almost) the complete plant is harvested, as in the case of pot plants, 
lettuce or chrysanthemum, but often only a part of the plant is harvested (e.g. tomato 
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fruits, Gerbera flowers or rose shoots). For such crops, dry matter allocation has a 
direct impact on crop production. Higher crop yields by plant breeding resulted from 
improved dry matter partitioning rather than improved dry matter production (Gifford 
et al, 1984; Daie, 1985). For many crops, e.g. fruit vegetables, a certain balance 
between vegetative (future production potential) and generative growth (short-term 
productivity) should be maintained, as sufficient but not too much new leaf area has to 
grow for future light interception and dry matter production. Lenz (1970) showed, for 
example, that growth of four fruits on an aubergine plant reduced final plant dry 
weight by 56% compared to plants with no fruits. 
Besides its influence on total weight of the harvestable product, partitioning also 
influences product quality, e.g. the shape of pot plants (e.g. branching, height/width 
ratio) or the individual fruit weight in cucumber. Although the mechanism by which a 
plant partitions its resources between the different organs is of both considerable 
theoretical and practical interest (Hurd et al, 1979), it is still only poorly understood 
(Evans, 1990). It is generally agreed that sinks play an important role in partitioning 
(Gifford and Evans, 1981; Farrar, 1988; Ho, 1988; Marcelis, 1996). Source strength 
(supply of assimilates) and the transport system from source to sink have no important 
direct influence on the distribution pattern (Marcelis, 1996). However, source strength 
may influence partitioning on the long term through its influence on the formation of 
new sinks (Marcelis, 1993b). 
Water content of the harvestable product has a strong impact on yield of green-
house crops, as opposed to agricultural crops (e.g. cereals, potato and sugar beet), 
where water content is often low. In cucumber a reduction in light level from 100% to 
30% reduced fruit dry matter content from 3.3 to 2.7% (Marcelis, 1993b). De Koning 
(1993) reported variations in dry matter content of tomato fruits from 5.2% in spring 
to 6.0% in summer. This variation in dry matter content affects yield by as much as 
15%. Dayan (pers. comm., 1995) observed under Israeli conditions even much larger 
variations: dry matter content of tomato fruits varied from 4% in winter up to 8% in 
summer. 
Crop growth shows a delayed response to climatic factors (essentially with respect to 
leaf area growth) in addition to the immediate response via crop photosynthesis 
(Fig. 1). For example, crop growth may be increased by a higher temperature in the 
long term, because increased temperature may increase specific leaf area (Heuvelink, 
1989) and thus leaf area, resulting in a higher future light interception. Likewise, 
maintenance respiration responds immediately to temperature, but since it is also linked 
to the amount of biomass, the rate of maintenance respiration at a given moment also 
depends on the integrated (and hence delayed) effect of environmental factors on 
accumulated dry matter. 
Clearly, crop growth is a complex phenomenon. Because of this complexity and 
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because growth conditions in greenhouses are under close control, a better understand-
ing of growth of greenhouse crops is needed for optimal use of these potentials for 
various, often conflicting, objectives. Important tools are climate control and crop 
management (e.g. spacing of pot plants or fruit thinning). The use of simulation models 
seems appropriate here, as these models have proven to be successful tools in predic-
tion and explanation of the behaviour of such a complex, dynamic system as a growing 
crop (De Wit and Arnold, 1976; Loomis era/., 1979). 
Greenhouse crop models 
Often statistical (regression or black-box) models and explanatory (physiological) 
models are distinguished (Challa, 1985). In the latter type, also called simulators 
(Acock and Reynolds, 1989), underlying processes are modelled to simulate a phe-
nomenon (e.g. crop growth or fruit yield) occurring at a higher integration level. 
Several models for greenhouse crops have been developed, for example for chrysan-
themum (Karlsson and Heins, 1985), cucumber (Liebig, 1985; Schapendonk and 
Gaastra, 1984; Marcelis, 1994b), lettuce (Sweeney et al., 1981), radish (Krug and 
Liebig, 1979), rose (Lieth and Pasian, 1991) and tomato (Hoogenboom, 1980; Kano 
and Van Bavel, 1988; Elwell and Bauerle, 1990; Jones et al., 1991; De Koning, 1994). 
The model of Jones et al. (1991) was further documented, calibrated and validated by 
Dayan et al. (1993a, 1993b). Most modelling work in the field of greenhouse crops 
deals with simulators for tomato crop growth and development. A comprehensive and 
general model for simulation of photosynthesis and dry matter production of green-
house crops was developed by Gijzen (1992). The models mentioned before lack 
sometimes a solid basis, are not always extensively validated or are (very) incomplete, 
for example when only crop development is modelled. 
Aim of the thesis 
The aim of this study is to improve existing greenhouse crop growth models in the case 
of tomato, in particular with respect to its response to greenhouse climate and crop 
management. This aim is approached by: (1) a detailed analysis of crop growth and 
production, (2) investigation and quantification of the underlying relationships and (3) 
evaluation, improvement and validation of the submodels and the aggregated model. 
Numerous experiments on the influence of greenhouse climate on crop growth and 
yield have been conducted. However, detailed data on the dynamics of dry matter 
production and partitioning as influenced by climate conditions and crop management 
Chapter 1 
are still scarce. To enable an in depth study of the complex phenomenon of greenhouse 
crop growth, only one case, i.e. the cultivation of tomato, is analysed. It is expected 
that this important fruit vegetable crop can act as a 'model crop' for at least a group of 
fruit vegetables, but implications of this study will reach further. 
Light intensity, temperature and CO2 concentration were considered the most im-
portant factors especially regarding gross photosynthesis (light, C02) and respiration 
(temperature) and hence crop growth. Relative air humidity was not considered an 
important factor (Bakker, 1991), although continuous high humidity may cause 
calcium deficiencies in tomato which may lead to leaf area reductions of up to 50% 
(Holder and Cockshull, 1990; Bakker, 1990). The present study is limited to potential 
crop growth, i.e. dry matter accumulation under ample supply of water and nutrients in 
a pest, disease and weed-free environment under the prevailing greenhouse climatic 
conditions. It is my appreciation that greenhouse tomato cultivation in Northern 
Europe is often operating close to this situation. Experiments therefore were termi-
nated soon after the plants reached the high wire, as longer cultivation would increase 
the risk for water or nutrient stress or pests or diseases. 
Plant density and leaf and fruit pruning were considered the most important crop 
management actions and these were investigated. The retaining of extra side shoots 
could not be experimentally addressed, due to limitations of the available research 
facilities. 
Explanatory models are most suitable for the present work, as their open modular 
character enables integration of knowledge at the level of underlying processes, and 
from other (explanatory) models. Transfer to other crops is thus facilitated as only part 
of the modules may need adaptation, rather than the complete model. Furthermore, the 
model can be extended with additional factors, not taken into account in this study, 
e.g. water status of the rooting medium or pests and diseases. Finally, these models 
allow for extrapolation outside the range of conditions investigated in experiments for 
model development or validation, which is important for the evaluation of new climate 
control or crop management strategies. 
De Koning (1994) described and modelled plant and fruit development in tomato 
extensively. The relationships and the approach towards modelling dry matter partition-
ing described in his thesis form an excellent basis for the present work. However, De 
Koning's work does not include dry matter production and a thorough model valida-
tion is missing. A general, well-documented, model for dry matter production in 
greenhouse crops, based on the well-known SUCROS model (Spitters et al, 1989), 
has been described by Gijzen (1992) and will be used in our study. It is assumed that 
possible crop specific aspects of the tomato will result in a change in model parame-
ters, not in model structure. 
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In conclusion, no extensively validated greenhouse crop growth model, including 
both dry matter production and distribution is available yet. The development of such a 
model, based on the general dry matter production model of Gijzen (1992) and the 
description of tomato plant and fruit development by De Koning (1994), seems feasi-
ble. The model will be called TOMSIM (TOMato SIMulator) and should enable the 
study and analysis of (tomato) crop growth as a whole. It should contribute to im-
proved management and control of the production process, e.g. in the evaluation of 
practical questions concerning the effects of different crop management and climate 
control. 
Short characterisation of the tomato crop and its cultivation 
The tomato (Lycopersicon esculentum Mill.), a Solanaceae, is commercially important 
throughout the world both for the fresh fruit market and the processed food industries. 
It is grown in a wide range of climates in the field, under protection in plastic green-
houses and in heated glasshouses (Atherton and Rudich, 1986). World-wide it is the 
most important vegetable (Anonymous, 1995). On 27 x 106 hectares, 70 x 106 ton is 
produced, which is 17% of world-wide vegetable production (Anonymous, 1995). In 
Northern Europe, the tomato is one of the major greenhouse crops. In the Netherlands 
it covers circa 1400 ha, which is about one third of the Dutch greenhouse vegetables 
area (Anonymous, 1994). 
Although cultivated as an annual, tomato grows as a straggling perennial in its 
original habitat on the western coastal plain of northern South America (Picken et al, 
1985). The original site of domestication is uncertain, but the balance of evidence 
suggests Mexico (Taylor, 1986). There are two flowering types, which are incorrectly 
termed 'determinate' and 'indeterminate' (Picken et al, 1985). 'Determinate' types 
usually produce two or three inflorescences on a stem, with one or more leaves 
between them. Strong axillary growth produces several shoots in addition to the main 
one, giving a bushy habit, which is ideal for unsupported growth in the open (Picken et 
al., 1985). In 'indeterminate' types, an indefinite number of inflorescences are pro-
duced at approximately 3-leaf intervals (Picken et al, 1985). Botanically, both types 
are determinate, since each inflorescence terminates the main axis: a sympodial growth 
pattern (Gorter, 1949). 'Indeterminate' types are favoured in greenhouses as they 
produce a large crop over an extended period. The lateral shoots are removed manu-
ally, giving a simple stem which is easy to train up a string (Picken et al, 1985). Based 
on the number of locules in the fruit, round tomato (2-3 locules), beefsteak tomato 
(5 or more locules) and intermediate types (3-5 locules) are distinguished 
(Anonymous, 1993a). Tomato is self-compatible and exclusively inbreeding (Taylor, 
1986). In greenhouse cultivation, pollination is usually stimulated using the 'electric 
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bee' (Van de Vooren etal, 1986) or, more recently, bumble bees. 
In Northern Europe, tomato is grown in greenhouses which are heated by a distri-
bution system of heating pipes just above ground level fed by a central boiler. CO2 
enrichment is common practice and heating, ventilation and CO2 supply are computer 
controlled. Cultivation is almost exclusively in artificial substrates, mainly rockwool 
with trickle irrigation for water and nutrient supply. Nowadays, biological pest man-
agement (predators and parasites) has replaced the use of chemicals, especially in the 
Netherlands. However, in Southern Europe biological pest management is still in its 
childhood, for example in Spain biological control is practised on less than 5% of the 
total greenhouse vegetable area (J. Cuartero, pers. comm., 1995). 
Usually plants are trained according to the high wire system (Van de Vooren et al, 
1986), which allows for whole season cropping with the same plants (sowing in 
November, planting in December, first anthesis in January, first production in March 
and final harvest in November). Commonly, the average distance between rows is 0.8 
m and the within-row plant distance is 0.5 m, resulting in a density of 2.5 plants m"2. 
Often, starting from March, one extra side shoot is retained on each four plants, hence 
increasing shoot density to 3.1 m'2. At the end of the cropping season each plant 
reaches a stem length of nearly 10 m and has by then produced about 100 leaves, 35 
trusses, 300 fruits (round tomato) and 20 kg fruit fresh weight (De Koning, 1993). 
Outline of the thesis 
The objective of this study is addressed in six chapters. Long-term growth analyses had 
to be conducted (Chapter 2), as detailed data on the dynamics of dry matter produc-
tion and distribution, extended with detailed climatic data, are very scarce for green-
house crops in general and also for tomato. However, such data are needed for extend-
ing and deepening our knowledge on growth and development of the tomato crop and 
for model validation. Literature data are often limited to records of fruit yield only, 
without time courses for dry matter production and partitioning (e.g. Bakker, 1990; 
Cockshull and Ho, 1995) or limited to only one final 'plant harvest' (e.g. De Koning, 
1990b; Papadopoulos and Ormrod, 1991; Cockshull et al, 1992). Furthermore, the 
.question is addressed to what extent conclusions from the growth analyses in this 
thesis, conducted over a period of about 100 days after first anthesis, can be extrapo-
lated to commercially grown crops cultivated over a period of 11 months. 
Crop photosynthesis and underlying leaf photosynthesis form a central issue of 
TOMSIM (Chapter 3). First, the question is addressed, whether or not leaf photosyn-
thetic rate responds to sink demand. This question has been studied many times and for 
many crops (reviewed by Guinn and Mauney, 1980; Giftord and Evans, 1981), but it 
remains unknown to what extent a reduced sink-source ratio may influence leaf 
if ° 
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photosynthetic rate under 'normal' greenhouse practices and conditions. Crop photo-
synthesis measurements are scarce for greenhouse crops, especially measurements at 
high C02 concentration (Hand et al, 1992). Because it is possible to control the C02 
concentration in greenhouses, CO2 effects require emphasis in the present study. Only 
short-term influence of CO2 on photosynthesis is studied here, as a study on acclima-
tion to high C02 concentration (Besford et al, 1990; Yelle et al., 1990) would be a 
thesis by itself. Photosynthesis measurements on young plants (Schapendonk and 
Brouwer, 1985) are difficult to interpret, whereas in measurements on mature crop 
canopies often side lighting plays an important role (Acock et al, 1976; Acock et al, 
1978; Jones et al, 1991; Hand et al, 1992; Hand et al, 1993). Exceptions are the 
study of Tchamitchian and Longuenesse (1991), who measured crop photosynthesis on 
four plants within a large canopy, hence avoiding side lighting and the study of Neder-
hoff and Vegter (1994), who measured canopy photosynthesis on large stands of 
several greenhouse crops, including tomato, in standard greenhouses. For making 
combinations of high light intensity and high C02 at normal temperatures feasible, the 
measurements in this thesis were conducted on small crop stands in day lit phytotron 
compartments (mechanically cooled). Side lighting was explicitly taking into account 
and modelled. 
/ Crop dry matter production forms the next step in the sequence of events and is 
addressed in Chapter 4. As light is a predominant factor in crop growth, accurate 
assessment of the light intensity inside the greenhouse is needed. The problem of 
relating light intensity inside a greenhouse to outside light intensity is an important 
issue. When crop models are to be used in greenhouse climate control, the assumption 
of a constant transmission, which is often used for estimation of irradiance integrals 
e.g. Cockshull, 1988; De Koning, 1993), may be a too large simplification, as instan-
taneous transmission depends e.g. on the angle of incoming radiation and the fraction 
diffuse radiation in total radiation (Bot and Van de Braak, 1995), especially in winter 
(low solar elevation). Several models for transmission of solar radiation by a green-
house are available, but need further validation. Accurate measurement of light intensi-
ties inside a greenhouse is difficult, owing to spatial variation inside the greenhouse 
(Bot, 1983), resulting in the need for a well-validated transmission model. 
Growth analysis measurements from Chapter 2, experimental data from Montfavet 
(South France) and some additional data, partly collected at commercial nurseries, are 
used to validate a general comprehensive model for greenhouse crop dry matter 
production (Gijzen, 1992). Gijzen's model is very extensive compared to the simula-
tion of dry matter production in TOMGRO (Jones et al, 1991) and therefore a com-
parison (sensitivity analysis and validation) between the two models was made, separat-
ing differences in model structure from differences in model parameters. 
Dry matter partitioning is the last step in the sequence of events in crop production 
(Fig. 1) and is addressed in Chapter 5. As it is generally agreed that dry matter 
Chapter 1 
partitioning is primarily regulated by the sinks (Farrar, 1988; Ho, 1988; Marcelis, 
1996) and as fruits are the major sinks in tomato (De Koning, 1993), their influence on 
partitioning was studied. It was also investigated whether sinks alone, or also the 
source (assimilate availability) and/or the pathway between source and sink (transport 
resistance) determine the distribution of dry matter in tomato. Temperature influence 
on partitioning was investigated, as temperature is a major control variable in green-
house cultivation and De Koning (1994) reported a large direct influence of tempera-
ture on biomass allocation in tomato. A dynamic model for the simulation of dry 
matter partitioning, using the approach of regulation by sink strengths of the plant 
organs, is developed and validated, based on descriptions of plant and fruit develop-
ment observed by De Koning (1994) and the knowledge obtained in this chapter. For 
validation, a wide range of conditions was tested. Greenhouse experiments covering 
effects of planting date, plant density, number of fruits per truss (pruning at anthesis), 
truss removal, single- and double shoot plants, a temperature experiment conducted in 
climate rooms and two greenhouse experiments conducted in Montfavet (South 
France) were used. A comparison with the TOMGRO model (Jones et al, 1991), also 
using the approach of regulation by sink strengths, was made. State and flow variables 
differ between the two models and therefore a comparison of their behaviour and 
performance was of interest. 
Models from Chapter 4 (dry matter production) and Chapter 5 (dry matter partition-
ing) are integrated in Chapter 6. In this chapter, the tomato crop growth and devel-
opment model TOMSIM, resulting from this integration, is validated in full simulation 
mode. As both submodels had already been extensively validated independent from 
each other, emphasis was here on the interactions between dry matter production and 
dry matter distribution. A possible use of the model is given in a case study on the 
evaluation of fruit pruning in a tomato crop. 
In the General discussion (Chapter 7), dry matter production, dry matter distribu-
tion and their interactions in tomato are reconsidered. Some considerations are given 
on how to validate a model. The possibility of generalisation of the TOMSIM model to 
other (greenhouse) crops is addressed. Finally, the limitations to the applicability of 
TOMSIM and the practical consequences of the results obtained for management and 
control of the production process in greenhouse cultivation of tomato are discussed. 
Examples of possible applications of TOMSIM, other than in decision support for 
growers, are given. 
10 
Growth analyses: time courses for crop 
growth and crop characteristics 
Heuvelink E. 1995. Growth, development and yield of a tomato crop: periodic 
destructive measurements in a greenhouse. Scientia Horticulturae 61: 77-99. 
Abstract 
The results of 12 growth experiments with indeterminately growing tomato 
(Lycopersicon esculentum 'Counter') cultivated in heated greenhouses without CO2 
enrichment in different seasons and five different years are presented, summarised and 
discussed. Periodic destructive measurements (fresh and dry weights of different plant 
organs, leaf area, number of leaves and trusses) were conducted in each experiment for 
a period of about 100 days after flowering of the first truss (planting date). Except for 
one experiment, trusses were pruned to seven fruits per truss. 
Crop growth rate showed a slightly saturating response to photosynthetically active 
radiation (PAR) inside the greenhouse, probably caused by C02 depletion at high irra-
diance. Assuming a linear relationship between crop growth rate and PAR resulted in a 
slope (crop efficiency) of 2.5 g dry matter MX1 PAR. Crop growth rate varied between 
almost zero in winter and 20 g m*2 d"1 in summer. Truss appearance rate was linearly 
related to temperature (18-23°C), with a slope of 0.010 trusses d'1 "C"1. At 20°C this 
rate was 0.146 trusses d'1. Average crop specific leaf area (SLA) showed a sinusoidal 
relation with season and was 175-250 cm2 g"1 in summer and 300-400 cm2 g'1 in early 
spring, late autumn and winter. 
At 95-101 days after planting in most experiments 54-60% of cumulative dry matter 
was distributed to the fruits, 28-33% to the leaves and 12-13% to the stem. However, 
for late autumn plantings only 35-38% of dry matter was distributed to the fruits, 44-
45% to the leaves and 18-21% to the stem, owing to poor fruit set. For all but one 
experiment the same relationship between total dry weight (TDW; g m"2) and fruit dry 
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weight (FDW; g m"2) was observed: FDW = 0.642 (TDW-80.0). In all experiments the 
ratio between produced leaf and stem dry weight was 7:3 and this ratio did not change 
with crop development. 
Fruit harvest rate showed a sinusoidal relation with season, maximum harvest rate 
(1 kg fresh weight m"2 week"1) was reached around mid-June. Fruit dry matter content 
was on average 5.6% and did not clearly depend on the season. 
Introduction 
Crop growth models can play an important role in research, and may be applied in 
greenhouse climate control, management decisions of the grower and education 
(Challa, 1985, 1988). Crop simulators (mechanistic models) 'can be used to capture 
most of our knowledge of crop behaviour' (Acock and Reynolds, 1989). For model 
development, detailed knowledge on crop growth and development under a range of 
conditions is necessary. Furthermore, models need extensive validation before they can 
be used. A modular structure for crop simulators facilitates testing of individual model 
hypotheses and makes the exchange of modules between different simulators and up-
dating of any one process in the simulators easier (Acock and Reynolds, 1989). Vali-
dation of such a model should be detailed, e.g. not only at the level of yield (fresh 
weight of harvestable product), but also at the level of underlying processes like organ 
formation rate, leaf area development and dry matter production and distribution and 
the dynamics of these processes. Validation of mechanistic models should focus on the 
detailed internal workings of the model and should apply to the model components 
(modules) and to the interaction of the model components (Pidd, 1992). Validation at 
the level of yield only, disregards the possibility of compensating errors in the different 
modules. 
While developing a crop growth model for tomato, a major greenhouse crop in 
northern Europe and an important horticultural crop in most parts of the world, we 
noticed that detailed data on the dynamics of dry matter production and distribution, 
extended with detailed climatic data, are still very scarce for this crop. Often only fruit 
yield is recorded, without time courses for dry matter production and distribution (e.g. 
Verkerk, 1955; Bakker, 1990). Sometimes growth studies are restricted to only one 
final 'harvest' (e.g. Papadopoulos and Ormrod, 1991; De Koning, 1990b). Even in 
papers that emphasise on crop modelling and validation, data on the dynamics of crop 
growth and development are far from complete (Jones et al., 1991) and climatic data 
are missing (Jones etal, 1991;Dayane/a/., 1993b). 
In this paper, growth analyses of twelve greenhouse tomato experiments, planted in 
different seasons and five different years are presented, summarised and discussed. 
Time courses for crop growth and growth-determining crop characteristics (e.g. leaf 
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area index, LAI) are quantified. As a result of different sowing dates, natural variation 
in radiation level was obtained. Also greenhouse temperature and CO2 concentration 
differed between experiments, although the air was not enriched with CO2 in any of the 
experiments. The aim of these experiments was to extend and deepen our knowledge 
on growth and development of the tomato crop and to find general rules in tomato 
crop growth. Experiments will be used for model validation. Therefore, it is important 
to determine whether the present results are representative for commercially grown 
tomato crops. 
Materials and methods 
Experimental set-up 
Experiments were conducted in 12 m x 12.8 m greenhouse compartments, which were 
part of the multispan Venlo-type greenhouse of the Department of Horticulture 
(Wageningen, The Netherlands, lat. 52°N). Each experiment was conducted in one 
greenhouse compartment, except for Experiments 2, 8 (two compartments) and 12 half 
a compartment). 
In all experiments indeterminately growing round tomato cultivar Lycopersicon 
esculentum 'Counter' (De Ruiter Seeds, Bleiswijk, The Netherlands) was used. About 
14 days after sowing in trays filled with a commercial potting soil, plants were pricked 
out in 12 cm plastic pots filled with the same potting soil and placed on benches. In all 
but one experiment, plants were transferred to another greenhouse compartment at 
anthesis of the first truss, where they were grown in soil at a plant density of 2.1 m'2 
(16 rows of 16 plants, 0.8 m row distance and 0.6 m within-row plant distance, sowing 
and planting dates are shown in Table 1). In Experiment 1, transfer was about two 
weeks before anthesis of the first truss. All axillary shoots were removed weekly and 
plants were trained according to the high-wire system (Van de Vooren et al, 1986). 
An experiment ended soon after the plants had reached the high-wire at 2.7 m above 
ground level (usually about 100 days after planting: Table 1), when at least four, but 
sometimes up to nine trusses had been harvested ripe. Plant nutrition and chemical pest 
and disease control were conducted according to Anonymous (1986). Flowers were 
pollinated three times a week with the aid of an 'electric bee'. Trusses were pruned to 
seven fruits per truss after anthesis, except for Experiment 1 (no truss pruning). 
Greenhouse climate 
Temperature set-point was 18°C day and night, independent of radiation level and the 
ventilation temperature was 19°C day and night. Greenhouse temperature was 
measured with PT100 elements. Carbon dioxide concentration was measured (URAS 
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Table 2. Dry weights determined in a ventilated oven, after one week at 60°C or one week at 
60°C followed by two days at 105°C. Means (n=6) followed by the same letter in each row are 








































"Fruits from the highest two trusses with truss fresh weight over 50 g. 
yFruits from the lowest two not yet harvested trusses. 
C02 concentration in the compartments were recorded every 5 min by a commercial 
DAKO computer system (Hoogendoorn, 's Gravenzande, The Netherlands), except for 
Experiment 1, where only 24-h average temperature and daily (between 10:00 and 
16:00 h) CO2 concentration was recorded. Daily global radiation outside the green-
house was obtained from the Department of Meteorology at about 800 m distance. 
Greenhouse transmission for diffuse radiation was 0.62 (Chapter 4.1). 
Growth analysis 
Periodically (every 6 to 22 days) 3 to 8 plants (Table 1) were measured destructively. 
Fresh and dry weights (ventilated oven; 60°C for at least one week) from leaves 
(including petioles), stem, individual fruit trusses (including peduncles), removed 
leaves and picked fruits and leaf area (LI-COR Model 3100 Area Meter) were 
determined. Samples dried at 60°C contain more water than those dried at 105°C, the 
internationally accepted standard for determination of dry weight (Table 2). For leaves 
and stem this difference was not significant (only 1-2%) and therefore ignored, but 
measured fruit dry weights were divided by 1.12 to correct for this higher water 
content, assuming the ratio between dry weights at 60°C and 105°C to be constant. 
Difference in this ratio between young and mature fruits was small (Table 2). Number 
of leaves (> 0.5 cm), number of trusses (> 0.5 cm) and number of fruits per truss were 
recorded. Unfortunately, due to cultivation in soil, measurements on the root system 
were not feasible. The plants used for destructive measurements were surrounded by 
guard plants (plants not used in the experiment) and replaced by spare plants of the 
same size, grown in 25 1 containers to avoid disturbing light distribution in the crop. 
Crop growth rate was calculated according to Poorter (1991), skipping one harvest 
(destructive measurement) each time. Thus, for the second harvest interval, growth 
rate was calculated as the average of the increase in total dry weight per day between 
the first and third harvest and between the second and fourth harvest. For the first 
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Fig. 2. Cumulative dry matter production as a function of day of the year (day 1 = 1 January) 
for 12 tomato crops with different planting dates. Legend is the same as for Fig. 1. 
(Experiments 3, 4 and 5) and lowest for crops planted after mid-September 
(Experiments 11 and 12; Table 5). This could be explained by average radiation levels 
in these experiments (Table 1). 
Average crop growth rate between two successive destructive measurements (only 
when LAI > 2) was significantly (r2 = 0.87; P < 0.001) related to photosynthetically 
active radiation (PAR) inside the greenhouse averaged over the same period (Fig. 3). 
Incident PAR (MJ m 2 d ' ) 
Fig. 3. Crop growth rate as related to PAR inside the greenhouse for twelve tomato crops with 
different planting dates (y = 2.50 x, r2 = 0.87). Calculations were made between two destructive 
measurements, when LAI > 2. Bar indicates standard error of regression. Legend is the same as 
for Fig. 1. 
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Table 6. Actual dry weight of leaves, stem, fruits and total dry weight, N days after planting 
for 12 greenhouse experiments. Fraction (%) of actual total dry weight in the different organs is 






















































































Table 7. Dry matter content (%) of actual leaf, stem, fruit and total dry weight, N days after 













































































































The slope of this relation (crop efficiency) was 2.5 g dry matter MJ"1 PAR inside the 
greenhouse. Measurements showed a saturation-type of response (Fig. 3), however, 
owing to large scatter fitting a hyperbolic function only slightly increased percentage 
variance accounted for (not shown). 
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The actual crop dry weight (Table 6) is the result of crop growth and harvest of 
fruits and picking of leaves. Actual crop dry weight showed the same relation with 
planting date as observed for dry matter production (Table 5). It was highest for 
planting dates between March and June (Experiments 3, 4 and 5) and lowest for 
planting dates after mid-September (Experiments 11 and 12; Table 6). Actual crop dry 
weight (Table 6) represented 49-61% of total dry matter production (Table 5), except 
for Experiments 1 and 12 where this was 79-80%. In Experiment 1 this high 
percentage resulted from a high number of leaves present (only 18 out of 65 leaves 
were picked; Table 4). In Experiment 12 only 35% of dry matter was distributed to the 
fruits (Table 5), therefore only a small fraction of dry matter production was 
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Fig. 4. (A) LAI and (B) SLA as a function of day of the year (day 1 = 1 January) for twelve 
tomato crops with different planting dates. Legend is the same as for Fig. 1. Solid curve in (B) 
is regression function (two values above 500 cm2 g"1 were omitted in the regression as these 
plants were not flowering yet): y = 266 + 88 sin (27t(x+68)/365) (r2 = 0.78) and vertical bar 
indicates standard error of regression. 
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situated in the lower (harvested) trusses, whereas in Experiment 12 fruit weight was 
mainly situated in the higher (not yet harvested) trusses (not shown). 
Dry matter content of fruits was in most experiments much lower than dry matter 
content of leaves and stem, except for Experiments 11 and 12 (Table 7). Dry matter 
content of vegetative plant parts (leaves and stem) was lowest (between 7.5 and 8.1%) 
in Experiments 11 and 12 (Table 7). In other experiments it varied between 9.8 and 
13.6%. Fruit dry matter content was between 6 and 8% in all experiments, and 
therefore in Experiments 11 and 12 a low total plant dry matter content was observed 
as well (Table 7). Low dry matter content in Experiments 1, 11 and 12 was probably 
the result of low light conditions (Table 1). Harssema (1977) observed in young 
tomato plants grown in summer, a dry matter content about twice as high as in plants 
grown in winter. 
LAI and SLA 
In most experiments LAI reached a value of about 3, 50 to 80 days after planting and 
remained at this level (Fig. 4A). However, in Experiments 8, 10, 11 and 12 LAI 
reached a value of about 2 only, whereas in Experiment 1 LAI reached a value of 
almost 5. The former was the result of smaller and/or less leaves left on the plant in 
these experiments, whereas the latter resulted from a high number of leaves (relatively 
low number of picked leaves) and a high average leaf size (Table 4). Average crop 
specific leaf area (SLA) showed a seasonal pattern and was 175-250 cm2 g'1 in summer 
and 300-400 cm2 g'1 in early spring, late autumn and winter (Fig. 4B). Apart from 
season, SLA was also dependent on crop developmental stage (Fig. 4B). 
Dry matter distribution 
At the end of all experiments, except for Experiments 11 and 12, fruit dry matter 
production was much higher than leaf dry matter production, which itself was higher 
than stem dry matter production (Table 5). Over a period of 95-101 days from 
planting, in most experiments 54-60% of dry matter was distributed to the fruits, 
28-33% to the leaves and 12-13% to the stem (Table 5). However, in Experiments 11 
and 12 (planted in September and November) only 38 and 35% of dry matter was 
distributed to the fruits, respectively (Table 5). For leaves these values were 44 and 
45% and for stem 18 and 21%, for Experiment 11 and 12 respectively (Table 5). Crop 
developmental stage after 95-101 days (Table 5) was almost the same for most 
experiments (15.3 to 17.6 visible trusses), but for Experiments 1, 8, 10, 11 and 12 this 
was lower (13.3 to 14.7 trusses). No significant difference in crop developmental stage 
between the latter five experiments was observed. Therefore the lower fraction of dry 
matter distributed to the fruits in Experiments 11 and 12 could not be attributed to 
differences in developmental stage, but was probably due to poor fruit set (Table 8). 
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Fraction of dry matter allocated to the fruits increased from zero at anthesis of the 
first truss to a maximum of about 60% at the end of the experiments, except for 
Experiments 11 and 12 were final fraction was lower (Fig. 5A). Once the growth of 
fruits had commenced for a while (total dry weight > 90 g m'2), a linear relation existed 
between total dry weight and dry weight of the fruits (Fig. 6A): 64% of dry matter 
produced was distributed to the fruits. For all experiments, except for Experiment 11, 
the slope of this relation was 63-73%. The lowest slope (50%) as well as the lowest 
intercept for this relation was observed for Experiment 11. This low slope was 
probably due to a low number of fruits per truss (Table 8), as a result of poor fruit set 
under low light conditions. As fruit growth is a major part of total plant growth 
(Table 5), a linear relation is likely to be found. Therefore fruit dry weight was also 
plotted against vegetative dry weight (Fig. 6B). Fruit dry weight appeared to be highly 
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Fig. 5. (A) Fraction of total dry matter distributed to the fruits and (B) fraction of total above-
ground vegetative dry matter distributed to the stem as a function of day of the year (day 1 = 1 
January) for 12 tomato crops with different planting dates. Legend is the same as for Fig. 1. 
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from the general relation with identical slope, which could not be explained (Fig. 6B). 
Dry matter distribution between leaves and stem was the same in all experiments 
and did not clearly change with crop development (Fig. 5B). About 30% of above 
ground vegetative dry weight was distributed to the stem, whereas 70% was 
distributed to the leaves. 
The fraction of actual crop dry weight at 95-101 days after planting which was 
located in the fruits was 31-47%. These fractions were 31-44% and 20-26%, for 
respectively leaves and stem (Table 6). In Experiment 1, however, the fraction in 
the fruits was higher (54%) and the fraction in the stem was only 17%. In Experiment 
11 the fraction in the fruits was as low as 13%, whereas the fraction in the stem was 
800 
400 800 1200 
Total dry weight (g nr2) 
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100 200 300 400 500 
Vegetative dry weight (g m 2) 
Fig. 6. Relation between (A) total plant dry weight (only measurements > 90 g m"2 were used) 
and fruit dry weight (y = 0.642 (x-80), r2 = 0.99) and (B) vegetative dry weight and fruit dry 
weight (y = 1.73 (x-75), r2 = 0.94) for 12 tomato crops with different planting dates. Vertical 
bars indicate standard error of regression. Legend is the same as for Fig. 1. 
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36% and half of the actual crop dry weight was located in the leaves (Table 6). The high 
fraction in the fruits in Experiment 1 was the result of a low stem dry weight and a 
rather high fruit dry weight present on the plant (compare Experiments 1 and 2, almost 
equal actual crop dry weight; Table 6). The latter may be the result of a high average 
number of fruits per truss in Experiment 1, because trusses were not pruned to seven 
fruits per truss in this experiment (Table 8). The extremely low fraction of dry matter 
present in the fruits in Experiment 11, was the result of poor fruit set in this experiment 
(low light conditions; Table 8). 
Fruit yield and dry matter content 
In most experiments fruit harvest started 46-58 days after planting (Table 8). In Ex-
periment 1 the first ripe fruits were observed 87 days after planting and in Experiments 
11 and 12 this was 65 and 70 days after planting, respectively (Table 8). In Experiment 1, 
the first truss had not yet reached anthesis at planting, which mainly explains the long 
period until first harvest, whereas in Experiments 11 and 12, average greenhouse 
temperature was lowest (Table 1), and the fruit growth period (period from anthesis till 
harvest stage) is longer at lower temperatures (Heuvelink and Marcelis, 1989). 
Average dry weight of harvestable fruits from the first four trusses was 3.0-4.0 g fruit"1 
in most experiments (Table 8). However, in Experiments 11 and 12, where fruits had 
to grow in the darkest period of the year, this was only 1.3-1.6 g fruit' (Table 8). The 
rather constant number of fruits per truss was the result of fruit pruning to seven fruits 
per truss. The actual number of fruits per truss was lower than seven, because of 
Table 8. First day of fruit harvest (days after planting), average fruit dry weight and number of 
fruits per truss for the first four trusses and for trusses 7 to 10 at the end of 12 greenhouse 
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Fig. 7. Fruit harvest rate (kg fresh weight m"2 week"1) as a function of day of the year (day 1 = 
1 January) for twelve tomato crops with different planting dates. Solid curve is regression 
function: y = 0.59 + 0.47 sin (2K (X-97)/365) (r2 = 0.33); dashed curve indicates data from 
commercial practice (monthly averages; Anonymous, 1993b). Vertical bar indicates standard 
error of regression. 
flower abortion and fruit set failure. In Experiment 1, trusses were not pruned and 
therefore fruit number could exceed seven. The low number of fruits per truss in 
Experiments 10 and 11 (higher trusses) and 12 (lower trusses) was the result of poor 
fruit set under the low light conditions (Table 1) during part of these experiments. 
Fruit harvest rate showed a seasonal pattern, with maximum rate (1 kg fresh weight 
m'2 week'1) around mid-June, although a large scatter around the average curve was 
observed (Fig. 7). Compared to commercial practice (Anonymous, 1993b), maximum 
production rate was about 30% lower in the experiments. Average dry matter content 
of harvestable fruits was 5.6% (Table 7). This value varied between 4.9 and 6.9% and 
did not clearly depend on the season (Table 7). 
Discussion 
It is important to consider whether the relations observed in the present experiments 
are limited to these experiments or have a more general value, and whether the 
experiments are representative for commercially grown tomato crops and, if not, 
whether the differences can be accounted for. Differences with commercial practice 
were: a) lack of CO2 enrichment, b') cultivation in soil, rather than in rockwool on 
white polythene, therefore with more water and nutrient stress and less reflected 
radiation, c) pruning of all trusses and d) short growing period (about 100 days). In the 
present experiments, maximum harvest rate was 30% lower than in commercial 
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experiments (except for planting dates later than August: Experiments 11 and 12) 
54-60% of dry matter was distributed to the fruits (Table 5). According to Fig. 6A, the 
maximum percentage to be reached when continuing a crop for 11 months, like in 
practice, would be 64% (slope of the curve). This value is lower than observed by De 
Koning (1990a, 1993) for a commercially grown tomato crop over the whole season 
(72%). However, a lower fruit number in the present experiments (Table 8) (partly) 
explains this lower fraction, as De Koning (1994) measured 9-11 fruits per truss in 
commercially grown crops. A higher number of fruits per truss results in an increase in 
the fraction of dry matter partitioned to the fruits (Chapter 5.1). The higher the fruit 
number per truss, the smaller the effect of additional fruits on dry matter distribution 
(saturating response). Cockshull et al (1992) estimated that 69% of biomass 
production was allocated to the fruits in an early tomato crop (cv. Counter, planted in 
November, grown until September). These authors observed 6.3 fruits per truss for the 
first ten trusses, which is not very different from the present values (Table 8). Number 
of fruits per truss for higher trusses was not recorded. However, these numbers are 
likely to be higher then the average number of fruits per truss for the first ten trusses, 
as number of fruits per truss increased with average solar radiation receipt from mid-
December onwards (Cockshull et al, 1992). The rather low value (55% distributed to 
the fruits) reported by Ehret and Ho (1986) agrees with the measurements for a crop 
with similar sowing date and growing period (Experiment 1; Table 5). 
The intercept (80 g m"2) in the relation between fruit and total plant dry weight 
(Fig. 6 A) may be considered as a rough estimate for crop dry weight at the start of the 
production (fruit growth) phase (Challa and Heuvelink, 1993). Challa and Heuvelink 
(1993) reported similar linear relations for several crops. In the long run a linear 
relation may exist between total dry weight and fruit dry weight, although large short-
term fluctuations in the fraction of dry matter distributed to the fruits may occur (De 
Koning, 1989b). As the fraction of dry matter distributed to the fruits depends on the 
number of fruits per truss (Chapter 5.1) also the slope of the relation between total dry 
weight and fruit dry weight will depend on the number of fruits per truss. A lower 
number will decrease the slope as observed for Experiment 11 (Fig. 6A and Table 8). 
The effect of temperature on this relation is likely to be small, as both Experiment 6 
(23.2°C on average) and Experiment 1 (19.3°C on average) showed the same relation 
(Fig. 6A). Also De Koning (1989b) observed only a small influence of temperature 
(maintained for longer periods) on dry matter allocation in tomato. However, Verkerk 
(1955) observed in tomato a decrease in the final dry matter distribution to the fruits at 
higher temperature, which could be explained by a decrease in number of fruits per 
truss. 
The observation that in tomato under low light vegetative growth is favoured over 
generative growth (Table 1 and Fig. 5A), was also reported by Hussey (1963) for 
flower initiation and Calvert (1969) for flower development. Poor fruit set in the low 
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light conditions of winter and early spring is mainly caused by failure of pollen 
production or pollination (Picken, 1984). 
A constant distribution between leaf and stem growth (Fig. 5B) was also reported 
by Jones et al. (1991) and Bertin (1993). These authors reported a value of 2.3, which 
is equal to the present measurements (Fig. SB). Distribution ratio between leaves and 
stem is expected to decrease with plant age, as stem becomes thicker and longer to 
support the head of the plant which is further and further away from the root system. 
Old leaves are removed and in fact the same mass of leaves 'moves away' from the 
root system, supported by a longer and thicker stem. This effect is probably 
unimportant for the rather short crop growth periods in the present experiments. Fruit 
load (number of fruits per truss) may influence stem-vegetative shoot weight ratio, but 
although fruit load was quite different between Experiment 1 and 11 or 12 (Table 8), 
no such influence was observed (Fig. 5B). 
Fruit dry matter content 
A third possible reason for observed lower yields (Fig. 7) is a higher dry matter content 
in the fruits. As fruit dry weights were measured at 60°C and recalculated to get values 
representative for 105°C (see Materials and methods), this could not be verified 
accurately. Average fruit dry matter content was 5.6%, which agrees with 
measurements of Winsor and Adams (1976), who observed a fruit dry matter content 
of 5.4-6.0% and commercial practice (5.2-6.0%; De Koning, 1993). Unlike Winsor 
and Adams (1976) and De Koning (1993) no clear seasonal effect in fruit dry matter 
content was observed. 
Truss appearance rate 
At 20°C truss appearance rate was 0.146 trusses d'1 (Fig. 1), which agrees very well 
with the rate reported by De Koning (1994) for the same cultivar (0.145 trusses d'1). 
The relationship between temperature and truss appearance rate (Fig. 1) also agreed 
well with results of De Koning (1994). He reported a temperature effect of 
0.008 trusses d"1 "C"1 at 18°C, whereas we obtained a value of 0.010 trusses d"1 °C'\ 
In the temperature range used in the present experiments (18-23°C) a linear relation 
between temperature and truss appearance rate gave a good fit. However, over a wider 
temperature range this relation is expected to be curvi-linear (optimum curve). No 
influence of season, other than temperature effect, on truss appearance rate was 
observed (Fig. 1). De Koning (1994) also observed no influence of sink-source ratio 
on truss appearance rate, except for very extreme ratios. Decrease in truss appearance 
rate with plant (physiological) age could not be excluded, although such an effect 
seems unlikely for the short crop growth period used in these experiments. Besides, a 
reduction in truss appearance rate at the end of an experiment was only observed in 
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some experiments. A decline of development rate with plant (physiological) age seems 
to be related to loss of plant vigour (De Koning, 1994). 
SLA 
Variation in average crop SLA (Fig. 4B) results from ontogenetic effects (e.g. Ho and 
Shaw, 1977, Thornley et al, 1981), influence of environmental factors (light intensity, 
C02 concentration and temperature; Verkerk, 1955; Bruggink, 1992; Nederhoff ef al, 
1992) and sink-source ratio (Nederhoff et al, 1992; Chapter 3.1). These effects all 
play a role when comparing SLA. As several changes occur at the same time they 
cannot be separated. For example, radiation and temperature are correlated in the 
present experiments (Table 1). However, the seasonal trend observed in SLA 
(Fig. 4B), is most likely the result of changes in irradiance, as irradiance differs much 
more between experiments than temperature (Table 1). This would not hold if SLA 
would be much more sensitive to temperature, but this is unlikely as a temperature 
difference of 2.3°C between Experiment 5 and 6 at the same average irradiance 
resulted in an identical average SLA of 196 cm2 g"1. The seasonal trend in SLA is 
supported by De Koning (1993), who observed in a commercially grown tomato crop 
a decrease in SLA of full-grown leaves from 250 cm2 g'1 in spring to only 100 cm2 g'1 
in summer. In autumn SLA increased again to 150 cm2 g'1. De Koning's (1993) values 
are 50-100 cm2 g'1 lower than the ones presented here, probably as a result of higher 
C02 concentration (Nederhoff et al, 1992). 
Conclusions 
Within the limitations discussed above, truss appearance rate in tomato could be 
described by a linear function of temperature (18-23°C) and crop growth rate was 
linearly related to PAR inside the greenhouse with a slope (crop efficiency) of 2.5 g 
dry matter MT1 PAR. In the production phase, 64% of dry matter was distributed to 
the fruits, unless fruit set was poor, and within the vegetative plant part a fixed ratio of 
7:3 between leaves and stem existed. Average crop SLA showed a seasonal pattern, 
with lowest values occurring in summer. These experiments, although showing a lower 




3.1. Influence of sink demand on source activity 
HeuvelinkE, BuiskoolRPM. 1995. Influence of sink-source interaction on dry matter 
production in tomato. Annals of Botany 75: 381-389. 
Abstract 
Sink-source ratio in tomato was manipulated, in six glasshouse experiments, by fruit 
pruning (trusses pruned to two to seven fruits immediately after fruit set of each truss), 
truss pruning (removal of every other truss at anthesis) and truss pruning in plants with 
two shoots. Periodic destructive harvests were conducted for about 100 days after 
flowering of the first truss. Dry matter production was not influenced by sink-source 
ratio, whereas dry matter distribution between fruits and vegetative parts was greatly 
affected. The fraction of dry matter distributed to the fruits at the end of the fruit 
pruning experiments (F^u) could be described accurately as a saturation-type function 
of number of fruits retained per truss (Nf): Ffh.it, = 0.660 (1-e f). Specific leaf area 
and internode length decreased and plant leaf area increased when sink-source ratio 
was reduced. Removal of every other truss at anthesis did reduce dry matter partition-
ing into the fruits, but it did not influence internode length. Plant development (number 
of visible leaves at the end of the experiments) was not influenced by sink-source ratio. 
In four experiments some plants were pruned to one fruit per truss. Final dry matter 
production was 8-24% lower for these plants, compared with plants with more than 
one fruit per truss. This was, at least partly, the result of less light interception by these 
plants, which had strongly curled leaves pointing downwards. 
Results indicate that effects of sink demand on dry matter production per unit of 
intercepted radiation and probably on leaf photosynthetic rate in commercial tomato 
production can be ignored. 
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Introduction 
Tomato is grown in greenhouses almost year-round in northern Europe. Daily solar 
radiation integral in June is about eight times higher than in December (Cockshull, 
1988). The question arises of how the plant reacts, in terms of the sink-source interac-
tion, to this large difference in source activity. Increased source activity, resulting from 
increased daily light integral in the summer, may allow an increase of the number of 
sinks (e.g. through reduced flower and fruit abortion and an increase in side-shoots). 
However, the number of fruits per truss is fairly constant during a large part of the 
season and truss appearance rate and fruit growth period are hardly influenced by sink-
source ratio (De Koning, 1994). In commercially grown crops, side-shoots are re-
moved every week, thus leaving hardly any possibility of increasing sink strength by 
increasing the number of side-shoots. Fruits may grow bigger at a small sink-source 
ratio than at a large ratio. Marcelis and Heuvelink (1990) showed that tomato fruits 
grown on plants with seven fruits per truss (source-limited fruit growth) reached only 
70% of the final dry weight of fruits grown on plants with one fruit per truss (sink-
limited fruit growth). However, this effect is much too small to compensate for a daily 
light integral in summer which is eight times higher than in winter. Finally, increased 
source activity may increase leaf thickness (Starck, 1983), it may lead to strongly 
curled leaves (Nederhoff et al, 1992), thus reducing light interception, or it may 
decrease leaf photosynthetic rate. 
Negative feedback control on photosynthesis caused by small sink demand has been 
explained by accumulation of assimilates (either sugars or starch; so-called end-
product inhibition) and hormonal mechanisms (Guinn and Mauney, 1980), influencing 
e.g. stomatal or mesophyll resistance (Gifford and Evans, 1981). Major advances at the 
molecular level have been achieved recently in the understanding of sink-source 
interaction, presenting inhibition of photosynthetic gene expression by metabolic 
factors related to high carbohydrate content as a basic mechanism for the 'sink regula-
tion' of photosynthesis (Sonnewald and Willmitzer, 1992; Krapp et al, 1993; Van 
Oosten et al, 1994). 
Although feedback control of sink demand on leaf photosynthetic rate has been 
demonstrated convincingly by experimental manipulation of several crops (reviewed by 
Guinn and Mauney, 1980; Gifford and Evans, 1981), the question remains whether 
feedback control plays a role in crop production. Many experiments showing a nega-
tive effect of reduced sink-source ratio on photosynthesis involved extreme treatments, 
e.g. girdled leaves to prevent export of assimilates (Goldschmidt and Huber, 1992) or 
removal of all generative sinks (Tanaka and Fujita, 1974; Starck et al, 1979; Mayoral 
et al, 1985; Shaw et al, 1986; Schaffer et al, 1987; Marcelis, 1991). These reports 
are not easily applied to crop production, e.g. greenhouse production of tomato, where 
leaves are not girdled and complete absence of generative sinks normally does not 
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occur after fruit set. Tanaka and Fujita (1974) observed in tomato plants, decapitated 
above leaf 17, no influence on total dry matter production when one out of three 
trusses was removed, whereas removal of all trusses reduced final plant dry weight by 
40% (Tanaka and Fujita, 1974). However, these authors also observed that pruning 
three out of six fruits per truss reduced dry matter production by 20%. Therefore, it is 
not clear whether reduced fruit number (sink strength) may reduce photosynthetic rate 
in tomato. 
Absence of the influence of sink-source ratio on dry matter production does not 
necessarily mean that leaf photosynthetic rate is not affected. Reduced leaf photosyn-
thetic rate may be compensated by higher leaf area index, as fruit pruning favours 
assimilate distribution towards the vegetative plant parts, including the leaves 
(Marcelis, 1991). Therefore, dry matter production per unit of intercepted radiation, 
thus taking into account a possible difference in radiance interception, should be 
calculated. As photosynthetic rate is the main component of dry matter accumulation 
per unit of intercepted radiation, with dark respiration also a substantial contribution, 
the latter parameter gives indirect evidence of the existence and importance of negative 
feedback of low sink-source ratio on leaf photosynthetic rate. 
The aim of the present work was to determine the effect of sink-source ratio on 
total dry matter production in greenhouse tomato. We investigated which of the 
above-mentioned possibilities for a plant to react to a different sink-source ratio are 
observed for a tomato crop. Sink-source ratio can be manipulated by increasing or 
decreasing sink strength (demand for assimilates) or source strength (supply of assimi-
lates, i.e. crop photosynthetic rate). We decreased sink strength by fruit and truss 
pruning, the latter in plants with one or two shoots. Treatments were chosen in such a 
way as to cover a whole range of sink-source ratios occurring in commercially grown 
tomato crops. The effect of sink-source ratio on total dry matter production was 
determined by periodic destructive plant measurements, as we were also interested in 
the time-lag between starting the treatments and the possible occurrence of a reduced 
crop growth rate. 
Materials and methods 
Facilities, crop, conditions and observations 
Experiments were conducted in 12 m x 12.8 m compartments, within the multispan 
Venlo-type glasshouse of the Department of Horticulture (Wageningen, The Nether-
lands). Experiments were conducted in one of the glasshouse compartments, except 
for Experiment 3 (two compartments). General details of these experiments are the 
same as for the experiments in Chapter 2. Experiment 1 was grown in rockwool, all 
other experiments were grown in soil. Sowing, planting and ending dates are given in 
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Table 1. Sowing, planting and ending dates, number of plants per treatment in each destructive 









































































Table 1. Plants were grown at a density of 2.1 m"2 (0.6 m x 0.8 m plant distance; 
16 rows of 16 plants), except for Experiment 1 (plant density of 2.5 m'2, 0.5 m x 
0.8 m; 16 rows of 18 plants) and Experiment 6 (shoot density of 2.5 m'2; see below). 
Air temperature in a compartment was set to 18°C day and night in all experiments, 
except for Experiment 1, where the set-point was either 18°C or 23°C for periods of 
three weeks. Climate conditions are given in Table 1. 
Experiments had a randomised block design, with four blocks, except for Experi-
ment 1 (no blocks) and Experiment 6 (two blocks). Periodic (every 6-23 days) de-
structive measurements of randomly selected plants were conducted as described in 
Chapter 2. The plants used for destructive measurements were always surrounded by 
guard plants (plants not used in the experiment) and replaced by spare plants of the 
same size, grown in 25 1 containers or in rockwool slabs (Experiment 1), so as not to 
disturb light distribution in the crop. 
Treatments 
In Experiments 1, 2 and 3, two degrees of fruit pruning were studied: three and seven 
fruits per truss. In Experiment 1, fruit pruning on all trusses was done on March 24 (28 
days after planting) and thereafter just after fruit set of a truss. Fruit pruning was not 
started immediately after planting, so as to avoid the influence of sink-source ratio on 
light interception as much as possible (fewer fruits from flowering of the first truss 
onwards may result in a faster increase in leaf area index). In Experiment 2 and 3 every 
truss was pruned just after fruit set. In Experiment 1, ten plants per treatment were 
taken at random, every three weeks, for destructive measurements. Before 24 March 
two destructive harvests were conducted, on ten plants each time (fruit pruning had 
not started). Five additional plants, pruned to one fruit per truss, were destructively 
measured at the end of Experiment 1. Two or four additional plants in each block (half 
of them pruned to one fruit per truss, the other half to two fruits per truss) were 
destructively measured at the end of Experiments 2 and 3, respectively. 
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Three degrees of fruit pruning were studied in Experiment 4: two, four and six 
fruits were retained per truss. First trusses were removed from all plants in an early 
stage, because of irregular fruit set. Four additional plants (one in each block), pruned 
to one fruit per truss, were destructively measured at the end of the experiment. 
Two treatments were conducted in Experiment 5: from half of the plants no trusses 
were removed (control), from the other half of the plants every other truss was re-
moved at anthesis (-50% trusses). In both treatments trusses were pruned to seven 
fruits per truss at anthesis. 
In Experiment 6, plants with two shoots were obtained by decapitation of seedlings 
twelve days after sowing. After pricking-out, plants with two uniform shoots from 
cotyledon axillary buds were selected. Three treatments were conducted: a control 
treatment, where one of the two axillary shoots was removed (single-shoot plants), a 
double-shoot plant with all trusses left on one shoot and no trusses on the other shoot 
(100-0) and a double-shoot plant with all even-numbered trusses on one stem, and all 
uneven-numbered trusses removed at anthesis on the other (50-50). Number of shoots 
m"2 was kept constant, resulting in a shoot density of 2.5 m"2 (within row plant distance 
0.5 m for the control and 1 m for the double-shoot plants, 0.8 m between rows). All 
trusses were pruned to five fruits per truss at anthesis. 
Data were analysed by analysis of variance (ANOVA) and when treatment effect 
was significant (P = 0.05) treatment means were separated by Student's Mest (P = 
0.05). 
Light utilisation efficiency (LUE) 
For each treatment a time course of LAI, based on linear interpolations between 
destructive leaf area measurements, was calculated. Based on measured daily global 
radiation, a greenhouse transmissivity of 62% (Chapter 4.1), assuming 47% PAR 
(Photosynthetical Active Radiation, 400-700 nm) in global radiation (Gijzen, 1992) 
and a light extinction coefficient for a tomato canopy of 0.75 (Chapter 3.3), daily 
irradiance intercepted by the crop was calculated. Light utilisation efficiency (LUE) 
was defined as dry matter production (dry weight at the end of an experiment minus 
dry weight at planting) divided by the integral of intercepted irradiance over the 
experimental period. 
Results 
In Experiments 1 to 5, no clear influence of sink-source ratio on total dry matter 
production was observed (Fig. 1). In Experiment 6, single-shoot plants (highest sink-
source ratio) had a higher dry matter production in the first month of the experiment 




Fig. 1. Total dry matter production of tomato as affected by sink-source ratio: A, Experiment 1; 
B, Experiment 2; C, Experiment 3; and D, Experiment 4: A-D: (•) 2, (•) 3, (A) 4, (A) 6 and 
(O) 7 fruits per truss. E, Experiment 5, (O) control and (•) every other truss removed at 
an thesis. F, Experiment 6, (O) control, (•) 50-50 and (A) 100-0. Vertical bars indicate stan-
dard errors of mean larger than symbols. 
ground area (less internal shading) for these plants. Retaining one fruit per truss 
reduced final dry matter production by 8-24%, compared with plants with more than 
one fruit per truss (Table 2). However, in Experiments 2 and 3 total dry matter pro-
duction, when one or two fruits per truss with one fruit per truss was not significantly 
different compared with plants with two or six fruits per truss (Table 2). 
Plant development (number of visible leaves at the end of the experiment) was not 
influenced by sink-source ratio (Table 2). A decreased sink-source ratio, as a result of 
fruit or truss pruning, reduced the fraction of dry matter distributed to the fruits (Fig. 2 
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Table 2. Effect* of sink-source ratio on final plant dry weight, total dry matter production, 
light utilisation efficiency (LUE), plant length, number of visible leaves (> 0.5 cm) and average 













































































































































































* Means within the same column and experiment with different superscript letters are signifi-
cantly different (P = 0.05) according to Student's f-test. 
q
 In Experiments 1-4 numbers refer to number of fruits per truss. 
* Plants with one or two fruits per truss can not be compared with plants with three or seven 
fruits per truss, as the former plants were measured 15 days after the end of the growth 
analysis. 
y
 Values presented are averaged for both shoots. 
z
 ' - ' means that LUE could not be calculated, as no time course of leaf area was measured. 
and Table 3). A decrease in the fraction of dry matter distributed to the fruits at equal 
total dry matter production (Fig. 1), means that reduced total fruit growth was com-
pensated by increased vegetative growth. 
The absence of a treatment effect on dry matter production does not necessarily 




Number of fruits per truss 
Fig. 2. Fraction of dry matter distributed to the fruits at the end of the experiments as influ-
enced by fruit pruning (achieved average number of fruits per truss) just after fruit set for each 
truss: (O) Experiment 1; (A) Experiment 2; (D) Experiment 3 and (•) Experiment 4. Vertical 
bars indicate standard errors of mean larger than symbols. Regression equation: 
y = 0.660 (l-e~0341x), n=15, r2 = 0.96 and standard error of regression is 0.033. 
Table 3. Fraction* of dry matter distributed to the fruits at the end of Experiment 5 [no trusses 
removed (control) or every other truss removed at anthesis (-50% trusses)] and Experiment 6 
[single shoot plants (control) and double-shoot plants with all trusses on one shoot (100-0) or 
half of the trusses removed on each shoot (50-50)]. 











* Means within the same experiment with different superscript letters are significantly different 
(P = 0.05) according to Student's f-test. 
index and thus light interception may have been influenced by the treatments, be-
cause more assimilates were available for vegetative growth at low sink-source ratio 
(Fig. 2 and Table 3). Indeed, leaf area index was higher at low sink-source ratio in all 
experiments, although effects were usually small (Fig. 3). Light utilisation efficiency, 
combining dry matter accumulation and light interception, showed no significant 
differences between the different treatments, except for a significantly higher value at 
four fruits per truss in Experiment 4 (Table 2). 
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Fig. 3. Leaf area index of tomato as affected by sink-source ratio: A, Experiment 1; B, 
Experiment 2; C, Experiment 3 and D, Experiment 4: A-D: (D) 2, (•) 3, (A) 4, (A) 6 and (O) 7 
fruits per truss. E, Experiment 5, (O) control and (•) every other truss removed at anthesis. F, 
Experiment 6, (O) control, (•) 50-50 and (A) 100-0. Vertical bars indicate standard errors of 
mean larger than symbols. 
At a small sink-source ratio, vegetative growth (Fig. 2 and Table 3) and leaf area 
(Fig. 3) were higher, whereas specific leaf area was reduced, i.e. leaves were thicker 
(Fig. 4). Also plants were shorter in all experiments (not always statistically significant), 
except for Experiment 5 (Table 2). A shorter plant at small sink-source ratio, 
resulted from reduced average internode length despite having an equal number of 
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Fig. 4. Specific leaf area of tomato as affected by sink-source ratio.' A, Experiment 1; B, 
Experiment 2; C, Experiment 3 and D, Experiment 4: A-D: (•) 1, (D) 2, (•) 3, (A) 4, (A) 6 
and (O) 7 fruits per truss. E, Experiment 5; (O) control and (•) every other truss removed at 
an thesis. F, Experiment 6, (O) control, (•) 50-50 and (A) 100-0. Vertical bars indicate stan-
dard errors of mean larger than symbols. 
Discussion 
One of the possibilities, mentioned in the Introduction, for a tomato plant to 
'compensate' for a low sink-source ratio is an increase in the number of sinks. How-
ever, plant development rate (leaf or truss appearance rate) was not influenced by sink-
source ratio (Table 2), which agreed with observations of De Koning (1994). The 
number of fruits per truss was imposed by fruit pruning, so a reduction in flower 
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and/or fruit abortion to increase fruit number (and thus sink strength) was not possible. 
Side-shoots were removed weekly, similar to commercial practice, and so the plants in 
our experiments could not increase sink strength by producing side-shoots. 
A possible reduction of leaf photosynthetic rate as a result of negative feedback 
control resulting from low sink demand, was not expressed in significant reductions of 
dry matter production in our experiments, except for the extreme treatment of retain-
ing only one fruit per truss (Table 2). Although photosynthesis was not measured 
directly, calculation of the light utilisation efficiency made it possible to draw conclu-
sions on the influence of sink-source ratio on tomato leaf photosynthetic rate. Except 
for the extreme case of only one fruit per truss, where light utilisation efficiency could 
not be calculated, a low sink-source ratio did not result in a low light utilisation 
efficiency and probably a low leaf photosynthetic rate in tomato (Table 2). From his 
literature review, Ho (1992) also concluded that only in extreme cases a low sink 
demand will negatively influence photosynthetic rate. Our results also agree with 
observations of Nielsen and Veierskov (1988) on dry matter production in sweet 
pepper and of Marcelis (1991) on dry matter production and leaf photosynthetic rates 
of cucumber. Nielsen and Veierskov (1988) observed no difference in plant dry matter 
increase when branching was unrestricted and fruit number was restricted to zero, one 
or three fruits per plant. Marcelis (1991) observed no statistically significant influence 
of fruit number (one, three, five or seven fruits per plant) on total dry matter produc-
tion and leaf photosynthetic rate. A substantial reduction in dry matter production and 
photosynthesis was observed only when all fruits were removed. 
'Sink regulation' of photosynthesis operating via carbohydrate inhibition of gene 
expression of photosynthetic components, mentioned in the introduction, was only 
observed in extreme cases, e.g. with young plants in the vegetative stage or detached 
leaves grown at a C02 concentration of 2000 umol mol"1 (Van Oosten et al., 1994) or 
with leaves girdled to prevent export of assimilates (Goldschmidt and Huber, 1992; 
Krapp et al., 1993) or transgenic plants expressing invertase in the apoplast to inhibit 
phloem transport (Krapp et al., 1993). 
Results of Tanaka and Fujita (1974) only partly support our conclusion. They also 
observed no influence of removal of the first out of three trusses on total dry matter 
production, but when trusses were pruned to one or three fruits, final plant dry weight 
was reduced by 20%, compared with the control (six fruits per truss). Tanaka and 
Fujita (1974) decapitated their plants above leaf 17. This means that, contrary to our 
experiments, new leaves and internodes could not act as an alternative sink. The 
difference within the experiments of Tanaka and Fujita (1974) may result from differ-
ent extent of sink reduction: 30% reduction in fruit sink strength by truss removal, 50-
84% reduction in fruit sink strength by fruit pruning. 
The reduction in dry matter production for plants with only one fruit per truss, does 
not reflect, necessarily, a reduction in leaf photosynthetic rate. Growth reduction in 
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fruit per truss showed strongly curled leaves, which pointed downwards, instead of 
being almost horizontal as in the other treatments. Leaf curling at low sink-source ratio 
was also observed by Nederhoff et al. (1992). Light interception by these plants was 
further decreased as the plants were shorter (Table 2), whereas neighbouring plants 
(guard plants) had a normal length (no fruit or truss pruning). 
Our results show that assimilate partitioning in the tomato plant is very flexible 
(Fig. 2 and Table 3). Of the same amount of dry matter produced, a cumulative 
fraction of 0.3 to 0.6 was allocated to the fruits, depending on fruit number (Fig. 1 and 
2, Table 3). The only reaction of a tomato plant to a low sink-source ratio, induced by 
fruit or truss pruning, was a stronger growth of alternative sinks present on the plant. 
Pruning leads to higher average fruit weight (not shown) and heavier stems and leaves 
(combination of Fig. 1 and 2 and Table 3) and thicker leaves (Fig. 4). A decreased 
SLA at low sink-source ratio (Fig. 4) was also observed by Starck (1983), Schaffer et 
al. (1987), Ramirez et al. (1988b) and Marcelis (1991). It is consistent with decreased 
SLA observed at high CO2 concentration (Madsen, 1973; Nederhoff er a/., 1992). 
In this paper only above-ground dry matter was considered. However, if root dry 
weight had been taken into account, our conclusions probably would not have 
changed, as roots take only 20% of above ground vegetative growth and this percent-
age is not influenced by fruit pruning (Hurd et al, 1979). Indeed if roots did accumu-
late assimilates then feedback inhibition of photosynthesis would be even less likely. 
Reduced internode length at low sink-source ratio (Table 2) contradicts findings of 
Hurd et al. (1979), who reported an increased internode length for plants from which 
two-thirds of the flowers were removed, compared with control plants. Influence of 
sink-source ratio on internode length may be the result of changes in hormone balances 
when part of the flowers are removed. This is, however, highly speculative and more 
detailed experiments are necessary to explain this phenomenon and the disagreement. 
Why complete removal of every other truss did not influence internode length 
(Table 2), whereas a reduction of fruit number per truss by 57% (three instead of seven 
fruits per truss) did, is very intriguing but remains unexplained. 
Conclusion 
The effects of sink-source ratio on dry matter production per unit intercepted radiation 
and probably on leaf photosynthetic rate in commercial tomato production can be 
ignored. This conclusion is in agreement with literature, as negative feedback of 
reduced sink activity on photosynthesis was observed only in extreme cases (e.g. 
removal of all fruits, drastic fruit pruning in decapitated plants or detached or girdled 
leaves). 
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C02 concentration and leaf area index 
Heuvelink E, Damen THJ, De Ruiter JR. 1996. Influence of irradiance, CO2 concen-
tration and leaf area index on tomato crop photosynthesis. Journal of Experimental 
Botany (Submitted). 
Abstract 
The net photosynthetic rate of a small canopy of tomato plants in summer in Wagenin-
gen (lat. 52°N) was measured (semi-closed system) in two daylit phytotron compart-
ments (floor area of 4.8 m x 5.1 m) at 20°C, C02 concentrations of 340, 500 and 900 
(imol mol'1, over a range of natural photosynthetic photon flux densities (PPFD, 
0-1400 umol m'2 s') and for different leaf area index (LAI, 1.5-3 m2 m'2). The 
compartments allowed for combinations of high PPFD and high C02 at normal tem-
peratures. 
Average night time respiration rate was 3.5-5.5 umol CO2 m'2 s"1 and within a night 
this rate was constant. Increased CO2 concentration increased crop gross photosyn-
thetic rate (P^) over the whole range of PPFD. Increasing CO2 concentration from 340 
to 500 umol mol"1 increased Pgc with 23% (averaged over all PPFD). this C02 effect 
tended (only few data were available) to increase with PPFD. Independent of PPFD, 
Pgc increased with 17% when C02 concentration increased from 500 to 900 umol mol"1. 
Even at an incident PPFD of 1400 umol m"2 s'1, Pgc was not completely light-saturated: 
independent of C02 concentration and LAI, P^ increased with 5-7% when PPFD 
increased from 1200 to 1500 umol m'2 s"1 and at 1400 umol m'2 s'1, Pgc was still 8-13% 
lower than its maximum rate. 
Independent of PPFD, at a C02 concentration of 340 or 500 umol mol'1, P^ 
increased with 17-21%, when LAI increased from 1.5-2.0 to 2.5-3.0. At 900 umol 
mol"1 this influence of LAI decreased from 30% at a PPFD of 50 umol m'2 s'1 to 16% 
at 1400 umol m'2 s'1. 
No hysteresis (different light-photosynthesis response curve in morning and after-
noon) was observed. 
Introduction 
Photosynthesis is a basic process for crop production, as it supplies the assimilates 
necessary for maintenance and growth. Crop photosynthesis is influenced by climatic 
factors. It shows a saturation-type response to photosynthetic photon flux density 
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(PPFD; Acock et al, 1978; Hand et al, 1993). Crop photosynthesis increases sub-
stantially, albeit less than proportionally, in response to increasing CO2 concentration 
[see reviews by Hand (1982) and Kimball and Idso (1983)]. Within a wide range, 
temperature (Schapendonk and Brouwer, 1985) and relative humidity (Acock et ai, 
1976) seem to be less important. Hence, as for most greenhouse crops it is not eco-
nomically feasible to increase irradiance by supplementary lighting, C02 concentration 
is the most important climatic factor, which enables control of crop photosynthesis in 
commercial practice. 
Photosynthesis is the 'driving force' in many crop growth models (Spitters et al, 
1989; Hoogenboom et al, 1990; Jones et al, 1991). Such models need to be vali-
dated. There are, however, few measurements of crop photosynthesis on greenhouse 
crops (Hand et al, 1992) and these are often limited to one C02 concentration only 
(e.g. Acock et al, 1978; Tchamitchian and Longuenesse, 1991; Hand et al, 1992). 
Exceptions are the measurements on effects of light and C02 on net photosynthetic 
rates of small stands of tomato (Acock et al, 1976) and aubergine (Hand et al, 1993) 
and the measurements of Nederhoff and Vegter (1994) on several greenhouse crops in 
standard glasshouses. However, Nederhoff and Vegter (1994) were unable to measure 
at a combination of high light and high C02. Hence, their measurements do not allow 
for model validation over a wide range of conditions. 
Contradicting observations on the magnitude of the C02 influence on photosynthe-
sis and on the effect of PPFD on the C02 influence are reported. According to Neder-
hoff and Vegter (1994), tomato crop photosynthesis increased with 26% when C02 
concentration was raised from 350 to 700 umol mol'1, independent of PPFD. How-
ever, Starzecki and Czarnowski (1989) observed that at low PPFD (100 umol m"2 s'1) 
CO2 rise from 300 to 1200 umol mol"1 increased tomato leaf photosynthesis rate with 
70%, whereas this increase was 145% at saturating PPFD (600 umol m'2 s'1). Longue-
nesse (1990) reported a strong increase in net photosynthetic rate of tomato leaves at 
high CO2 (1000 umol mol'1) compared to ambient level, only when radiation level was 
high. However, several other authors (e.g. Hurd and Sheard, 1981; Nilsen et al, 1983; 
Starzecki and Czarnowski, 1989) reported increasing photosynthetic rates for tomato 
leaves at high CO2 concentration over the whole range of PPFD. This was also true for 
aubergine crop photosynthesis (Hand et al, 1993). 
Several authors (e.g. Yelle et al, 1990; Besford et al, 1990) observed acclimation 
to high CO2 concentration. The positive influence of CO2 increase on photosynthetic 
rate decreased, when plants were grown for longer periods (weeks) at high CO2 
concentration. 
Hysteresis, i.e. a lower photosynthesis-light response curve for tomato plants in the 
afternoon compared to the morning hours, has been observed in several crops, e.g. 
tomato (Ito, 1971), potato (Bodlaender, 1977) and lucerne (Whitfield et al, 1986), 
whereas Nederhoff and Vegter (1994) did not observe any time dependency in their 
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photosynthesis light-response curves for several greenhouse fruit vegetables, including 
tomato. 
The objective of the present work was to establish relationships between climatic 
factors and tomato crop photosynthesis for validation of an explanatory crop photo-
synthesis model (Chapter 3.3). Emphasis was on the quantification of the influence of 
C02on tomato crop photosynthesis at different PPFD and leaf area index (LAI). Only 
short-term influence of CO2 on photosynthesis was studied. The present work also 
aimed at the investigation of hysteresis in tomato crop photosynthesis. 
To enable crop photosynthesis measurements at a combination of high CO2 concen-
tration and high PPFD at normal temperatures, the present work was conducted in 
summer in daylit phytotron compartments on small stands of tomato. Hence, meas-
urements were conducted over a range of natural PPFD's. Estimation of the response 
of crop photosynthesis to C02, was based on measurements at three C02 concentra-
tions. Crop gross photosynthesis rates could be calculated by measuring net CO2 
exchange rates during day and night and assuming equal day and night time respiration 
rate. Variation in LAI was achieved by removal of plants from the crop stand. It was 
recognised on forehand, that in the afternoon shadow of a building fell over the 
compartments and therefore the crop photosynthesis model (Chapter 3.3) had to be 
used to investigate hysteresis in photosynthesis. 
Materials and methods 
Measurement system 
Photosynthesis was measured in daylit compartments (4.8 m x 5.1 m floor area) of the 
phytotron of the Department of Horticulture, Wageningen, The Netherlands (lat. 
52°N; Doorenbos, 1964). Two identical compartments in the middle of a row of six 
compartments were used: Compartment 1 was situated on the west side of Compart-
ment 2. The north wall of these compartments reflected light, as it was covered with 
aluminium foil (Fig. 1) and the glazing of the cover was of diffusing glass. The com-
partment cover had a roof slope of 30° to the horizontal facing 27° east of south. 
Temperature was controlled by electric heating and mechanical cooling. The CO2 ex-
change rate of the crop was determined by mass balance and the compartments were 
operated as semi-closed systems (Sestâk et al, 1971; Dutton et al, 1988). Changes in 
the C02 mass in a compartment were caused by CO2 supply (aiming at a constant C02 
concentration), air exchange with the outside atmosphere (leakage) and crop CO2 
exchange, including root respiration. CO2 exchange of the crop (P„c) was calculated 
according to Lake (1966): 
Pnc= ( E c - L - p x V x ([COjl^-tCO^t^/^-tOyA^ [1] 
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where P„c = crop net C02 uptake rate (umol C02 m'2 s"1), Ec = supply rate of C02 into 
the compartment (umol C02 s'1 compartment'1), L = leakage rate of C02 to surround-
ings (umol C02 s'1 compartment'1), p = density of C02 (41.86 mol m"3 at 20 °C), V = 
volume of compartment including air treatment system (110 m3 compartment'1), [C02]tl, 
[C02]t2 = carbon dioxide concentration (umol mol"1) at time ti and t2, respectively, ti, 
t2 = time (s) and Acmp = total ground area occupied by the crop (m2 compartment"1), 
measured as length times width of the canopy stand. It was assumed that the respira-
tion rate during the day was equal to the respiration rate during the following night. 
Hence, crop gross photosynthetic rate (Pgc) was calculated by adding average (21:00 -
3:00 h MET) night time respiration rate to Pnc. 
Leakage was determined previous to the experiments in empty compartments 
at several conditions, where C02 supply rate in both compartments and C02 concen-
tration gradients were at equilibrium, representative for conditions during the photo-
synthesis measurements. Leakage appeared to be linearly related to the difference in 
C02 concentration between the two compartments and the difference in C02 concen-
tration between the compartment and the basement below the compartments, where 





Fig. 1. North-South cross-section of a phytotron compartment used as semi-closed system for 
crop photosynthesis measurements: (1) phytotron building, (2) reflecting north wall, (3) crop 
canopy, (4) PAR sensor, (5) brick wall, (6) basement below compartments (location of air 
conditioner), (7) construction for guidance of a screen (not used during the experiment). 
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Table 1. Parameters in the regression formula (n=90) used for predicting leakage rate (L,; 
Urnol C02 s"1 compartment"1) of the daylit phytotron compartments: Li = a + b([C02]i -[C02]b) 
+ c([C02]2 -[C02]i), where a, b and c are regression coefficients, [C02] is carbon dioxide 
concentration (umol mol"1) and subscripts 1, 2 and b represent Compartment 1, Compartment 2 
and basement below the compartments, respectively. Subscript i refers to the compartment 



















for exchange of CO2. Preliminary measurements showed that neither the CO2 gradient 
between compartment and outside air, nor the wind speed played an important role in 
leakage of CO2, proving that sealing of the compartment cover had been very effective. 
Regression formulae resulting from leakage measurements (Table 1) were used to 
estimate leakage during photosynthesis measurements. These formulae showed only a 
small standard error of regression (0.07-0.18 umol CO2 m"2 s'1) compared to photosyn-
thesis rate (Fig. 3). Measurements in empty compartments during seven days not used 
in the regression analysis, revealed a maximum deviation from values predicted by the 
equations in Table 1 of 0.06 mol C02 h'1 compartment'1 (1.2-1.6 umol C02 m'2 s"1), 
which is low compared to photosynthesis rate (almost always < 10%; Fig. 3). 
Carbon dioxide concentrations in both compartments and in the basement below the 
compartments, were measured every 30 s by an infrared gas analyser (URAS 3G, 
Hartmann and Braun, Frankfurt, Germany) connected to a gas handling unit (ADC, 
WA-161-MK2, Hoddesdon, England). Gas samples were taken from a perforated tube 
(4 m long) inside each compartment. Pure C02 was injected in the system through a 
thermal mass flow controller (5850 TR, Rosemount, Veenendaal, The Netherlands). 
Sampler, analyser and mass-flow controller were controlled by a data-logger 
(HP3852A, Hewlett-Packard, Palo Alto, USA). Temperature and relative humidity 
(dry and wet bulb; calibrated, screened and aspirated PT100 sensors) were measured at 
two positions in each compartment. Outside radiation was measured with two so-
larimeters (Kipp and Sons, Delft, The Netherlands; type CM11), one measuring total 
global radiation and one with a shadow ring (type CM121) measuring the diffuse 
component of global radiation. PPFD was measured above the canopy by a 75-cm 
quantum response tube PAR-sensor (TFDL, Wageningen, The Netherlands) in the 
middle of Compartment 2. All data were averaged over 6 min and stored on disk. 
In July and August 1993, PPFD measurements were conducted with two identical 
sensors (1 m LICOR quantum meters) in both compartments at a position of 0.8 m from 
the west glass wall, 2.5 m from the north wall and 2 m above ground level. 
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Experimental set-up and plant measurements 
On 21 March 1992, 12 days after sowing in a seed tray filled with a commercial 
potting soil, tomato seedlings (Lycopersicon esculentum Mill. 'Counter') were trans-
planted into rockwool cubes (0.10 m x 0.10 m x 0.06 m), placed on benches in a 
glasshouse compartment (12 m x 12.8 m) of the multispan Venlo-type glasshouse of 
the Department of Horticulture, Wageningen (The Netherlands) and irrigated by ebb-
flood system, using a standard nutrient solution (Sonneveld and De Krey, 1988). When 
the first truss was flowering, plants were placed on rockwool slabs (0.15 m x 1.0 m 
x 0.075 m, placed in containers) and irrigated with the same standard nutrient solution, 
with the aid of a trickle irrigation system. On 19 May 1992, these containers were 
placed in the two compartments, used for crop photosynthesis measurements. Plants 
were grown at a high-wire (Van de Vooren et al, 1986). At the start of the experiment 
(1 June 1992), each compartment contained four rows of four containers (two plants 
per container); row distance was 1 m, row length was 4 m and total ground area 
occupied by the crop was 14 m2. 
Photosynthesis measurements were conducted from 3 June till 4 July 1992 at a 
compartment temperature of 20°C, a vapour pressure deficit of 0.1-0.5 kPa (relative 
humidity 95-80%) and a C02 concentration of 340, 500 or 900 umol mol"1 (Table 2). 
C02 concentration in a compartment was (almost) constant during a day. CO2 effects 
were studied by comparing the two compartments, each at a different CO2 concentra-
tion at the same day. CO2 concentrations were imposed on the compartments in such a 
way that C02 concentration was never the same in one compartment for more than 
four successive days (Table 2). In this way it was tried to avoid acclimation and the 
occurrence of differences in e.g. LAI and crop dry weight between the crops in both 
compartments. Once a week, compartments were opened for refilling the storage tanks 
with nutrient solution, removing old leaves and harvesting ripe fruits, pollination of 
flowers with the aid of an 'electric bee' and chemical pest and disease control when 
necessary. Destructive measurements were conducted for estimation of dry weights 
and LAI and, as plants were not replaced by spare ones, resulted in a range of LAI 
values over time. Hence, it was assumed that crop age did not influence Pgc, which is 
reasonable as the experiment lasted for one month only. Once a week (9, 16, 23, 30 
June and 7 July 1992), four plants (one out of each row) from each compartment were 
taken for destructive measurements. A sixth measurement was conducted on 1 June 
1992, before the start of the photosynthesis measurements on four spare plants from 
each compartment. Plant length, dry weights (ventilated oven at 60°C for at least one 
week) of leaves (including petioles), stem and fruits and leaf area (LICOR Model 3100 
Area Meter) were determined for each plant. The remaining plants were distributed 
equally within each row. On 23 June, plants were rearranged in three rows, resulting 
in a total ground area occupied by the crop of 10 m2 (2.5 m x 4 m). 
After a destructive measurement leaves below the ripening truss were removed from 
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the remaining plants and total dry weight and leaf area of these leaves were deter-
mined. Total fresh weight of harvested ripe fruits was determined and for 20 fruits per 
compartment dry matter content was determined. Thus total dry weight of harvested 
fruits was estimated. Crop dry weight and leaf area before and after a destructive 
measurement could be determined in this way. Between two measurements, dry 
weights and LAI were estimated by linear interpolation. 
Crop photosynthesis-light response curves were determined by parameter estima-
tion (least squares method) in a negative-exponential equation: 
-aPPFD 
P8c = Pgc,nux(l-e P 8 U"") [2] 
where Pgc = crop gross photosynthetic rate (umol C02 m"2 s"1), Pgc>nUx = light-saturated 
crop gross photosynthetic rate (umol C02 m'2 s"1), a = crop photochemical efficiency 
(mol CO2 mol"1 photon) and PPFD = photosynthetic photon flux density (umol m'2 s'1). 
Results 
Crop weight and LAI 
Crops in both compartments had almost identical dry weights (not shown), LAI and 
plant length (Fig. 2), although in the second half of the experiment LAI was 8-20% 
higher in Compartment 1. LAI decreased from 3 to 1.5 m2 m'2, because of the removal 
of plants for destructive measurements (Fig. 2). Total crop dry weight was about 
600 g m'2 and fruit dry weight was about 50% of total dry weight, which is common 
for a producing tomato crop in summer (Chapter 2). 
Crop respiration 
Crop respiration rate within each night was constant (not shown). Respiration rate in 
Compartment 1 was almost constant at a level of 3.5 umol CO2 m"2 s"1 during the 
whole measuring period. In Compartment 2 average respiration rate was higher 
(5.5 umol C02 m'2 s'1) and it showed large fluctuations (3.5-8.0 umol C02 m"2 s"1) 
among individual nights. 
Crop photosynthesis measurements 
General: Temperature was maintained at 20±2°C within a day and over the whole 
measuring period (Table 2). Vapour pressure deficit was low (0.1-0.5 kPa; Table 2) 
and did not vary much during the day. CO2 concentration showed some variation, 
especially after a sudden increase or decrease in PPFD. For photosynthesis meas-
urements at low C02 following a day at high C02, the C02 concentration had to 
decrease as a result of photosynthesis, as no CO2 scrubber was present in the 
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Day of year 
Fig. 2. Mean (n=4) LAI (O,0) and plant length (D,B) in Compartment 1 (O,0, ) and 
Compartment 2 (•, • , ). Average standard error of mean was 0.1 and 0.06 for LAI and 
plant length, respectively. 
measuring system. In that case, CO2 in the first hours of the day was still (much) higher 
than the desired value. Such deviations have only a minor effect on daily crop gross 
photosynthesis (Pgc,d), but when considering instantaneous Pgc, the actual CO2 concen-
tration has to be taken into account. 
Even when global radiation outside showed a smooth diurnal course, measured in-
side PPFD showed irregularities, owing to shading of the sensor by construction parts 
of the compartment. 
Comparison of the two compartments: As CO2 effects were studied by comparing the 
two compartments, each at a different CO2 concentration on the same day, it had to be 
tested whether, at equal CO2 concentration, Pgc in both compartments was equal. Only 
measurements before 17 June (day 169) could be used in this comparison, because 
later on significant differences in LAI between both compartments occurred (Fig. 2). 
Measurements conducted on 15 June were excluded from this comparison, as discrep-
ancy between the two compartments was much larger on that day, compared with 
measurements on 3, 5, 6, 10 and 14 June. Therefore these measurements are likely to 
be incorrect for some reason. 
Regression analysis (excluding 15 June) showed Pgc to be 4% larger in Compartment 
2 than in Compartment 1 (Table 3). The positive intercept observed for the regression 
equation was statistically significant (P < 0.01), but very small (0.7 umol CO2 m'2 s'1). 
This positive intercept is explained by the higher respiration rates measured in Com-
partment 2. Further analysis (Table 3) revealed that the difference between Compart-
ment 1 and Compartment 2 was caused by the afternoon measurements (7% lower 
photosynthetic rate in Compartment 2). In the morning Pgc in Compartment 2 was 
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Fig. 3. Diurnal course of global radiation outside (• , ) and Pgc in Compartment 1 ( ) 
and Compartment 2 ( ) on six days with equal C02 concentrations in both compartments: 
(A) 3 June, (B) 5 June, (C) 6 June, (D) 10 June, (E) 14 June and (F) 15 June. 
Table 3. Slope (standard errors between brackets) of the regression line (no intercept) predict-
ing Pgc in Compartment 2 from Pgc in Compartment 1. Data from 3, 5, 6, 10 and 14 June were 
used only when difference in C02 concentration between the compartments was less than 50 
umol mol"1. SE represents standard error of regression. Separation between morning (04:00 till 
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Carbon dioxide: Pgc among the compartments did not show differences at the same 
climatic conditions before 12:00 h (Table 3 and Fig. 3). Therefore determination of 
CO2 effects by comparing the two compartments at different CO2 concentrations on 
the same day was possible. CO2 effect was established by plotting Pgc at a C02 concen-
tration of 900 umol mol*1 against Pgc at 500 umol mol' (Fig. 4B). This resulted in a 
slope of 1.17±0.01, meaning a 17% increase in P^, independent of PPFD (residuals 
were randomly distributed). The effect of C02 between 340 and 500 umol mol"1 could 
be established on two days (28 and 29 June) only. Only afternoon-measurements were 
available, as only in the afternoon CO2 concentrations were at the desired level on 
these two days. As on both days the lower CO2 concentration was maintained in 
Compartment 1, a correction for a compartment effect (Table 3) had to be made. 
On 27 June (both compartments at a CO2 concentration of 900 umol mol"1) Pgc in 
Compartment 2 (Pgc,2; umol C02 m"2 s"1) was related to Pgc in Compartment 1 (Pgci; 
Umol CO2 m'2 s"1) in the following way: 
Pgc,2 = -3.05 + 0.928 Pgc>i [3] 
The slope in eqn [3] is in agreement with the general comparison between the two 
compartments (Table 3). The negative intercept is probably due to a lower LAI in 
Compartment 2 compared to Compartment 1, on 27 June (day 179; Fig. 2). Eqn [3] 
was used to recalculate Pgc in Compartment 2 on 28 and 29 June. Pgc appeared to be 
20 40 60 80 
P.C3« (Mmol CO,m V 1 ) P.csoo (Mmol COjm-V1) 
Fig. 4. (A) Pgc at a C02 concentration of 500 umol mol" (Pgc,5oo) plotted against P^ at 340 
umol mol" (PgcMo) for two days where in one of the compartments 340 (300-380) umol mol"1 
and in the other compartment 500 (475-525) umol mol'1 was maintained. Solid line (y = 1.23 x, 
r2 = 0.996, SE = 0.11, n = 120) results from linear regression, broken line represents y = x 
relationship. (B) Pgc at a C02 concentration of 900 umol mol'1 (Pgc,9oo) plotted against Pgc at 
500 umol mol"1 (Pgc.5oo) for ten days where in one of the compartments 500 (475-525) 
umol mol'1 and in the other compartment 900 (850-950) umol mol"1 was maintained. Linear 
regression ( ; y = 1.17 x, r2 = 0.992, SE = 0.16, n = 148) and y = x relationship ( ). 
Only data before 12:00 h solar time were used. 
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23% higher at a CO2 concentration of 500 umol mol'1 compared to 340 umol mol'1 
(Fig. 4A). CO2 effect seemed to be larger at higher PPFD, although the number of data 
(only two afternoons) was too small to be conclusive on this aspect. 
Irradiance: Daily global radiation integral showed a large influence on PgCj<i (Table 2). 
The latter varied between 0.46 (7 June, 5.97 MJ m'2 d'1) and 1.9 mol C0 2 m"2 d'1 (26 
June, 26.85 MJ m'2 d"1). It should be noticed that Pgc,d was calculated between 07:00 
and 19:00 h, which is shorter than the light period, because not always measurements 
were available before 07:00 h (realisation of new CO2 set-points). The average estima-
tion of Pgcd over 30 complete diurnal courses, was 2-10% (on average 5%) or 0.023-
0.114 (on average 0.068) mol CO2 m"2 d"1 higher, than when limiting integration to the 
period 07:00 till 19:00 h. 
The dynamics in Pgc during individual days showed good agreement with the dynam-
ics in global radiation outside (Fig. 3). However, at equal global radiation, Pgc in the 
afternoon was lower than in the morning (e.g. Fig. 3D). 
Even at an incident PPFD of 1400 umol m'2 s'1, Pgc was not completely light-
saturated; increasing PPFD from 1200 to 1500 umol m'2 s'1 increased Pgc by 5-7%, 
independent of CO2 concentration and LAI (Fig. 5 and Table 4) and at 1400 
umol m"2 s"1, Pgc was still 8-13% lower than its maximum rate (Pgcnuxi Table 4). 
Hysteresis: Photosynthesis-light response differed between morning and afternoon on 
11 days. A lower Pgc was observed during (part of) the afternoon compared to the 
morning at equal PPFD, on all days at which global radiation integral exceeded 
19 MJ m'2 d'1 (fraction diffuse below 0.6). However, in our experiment time depend-
ency in photosynthesis-light response does not prove crop based hysteresis, as at least 
part of the explanation is physical. The phytotron building cast shadow over the 
tomato crops in the afternoon. Already half of the crop was in the shadow of the 
phytotron building before this shadow reached the sensor, positioned above the centre 
of the canopy. This resulted in a reduced Pgc at the same measured PPFD during part 
of the afternoon. Such an effect only occurs on sunny days (shadow), which is sup-
ported by our observations. Hence, as afternoon light measurements on sunny days 
Table 4. Fitted parameters (mean±SE) of the crop photosynthesis-light response curves 
(eqn [2]) at a C02 concentration of 340 (300-380), 500 (475-525) and 900 (850-950) 
Umol mol"' and at two LAI ranges. 
CO2 (umol mol') 
340 500 900 
LAI 1.5-2.0 2.5-3.0 1.5-2.0 2.5-3.0 1.5-2.0 2.5-3.0 
a (mmol C02 mol'photon) 69.0±3.0 83.8±2.5 80.0±2.6 93.2±4.4 98.3Ü.9 128.7Ü.6 
Pgcmax (umol C02 m'2 s'1) 40.0±1.6 48.6±1.1 52.3±1.6 63.6±3.6 63.6±2.0 70.7±0.7 
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Fig. 5. Pec as influenced by incident PPFD at a C02 concentration of (A) 340 (300-380), (B) 
500 (475-525) or (C) 900 (850-950) ^ o l mol"' and for a canopy with LAI 1.5-2.0 (O, ) 
or 2.5-3.0 (•, ). Only data before 12:00 h solar time were used. Parameters for the 
negative-exponential relationship (eqn [2]) fitted to the data are given in Table 4. 
did not represent average light intensity above the canopy, hysteresis was observed on 
those days. 
Whether any hysteresis in crop response existed in the photosynthesis measure-
ments, could only be established by comparing measured and simulated Pgc (model 
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from Chapter 3.3). In the model the influence of shadow of the phytotron building is 
simulated, thus accounting for the difference in PPFD interception by the crop. In 
Compartment 1, the same relation between measured and simulated Pgc was observed 
during morning and afternoon (Fig. 6). In Compartment 2 on nine days (all 11 days 
with hysteresis in photosynthesis-light response, except for 15 and 25 June) simulated 
Pgc was higher during (part of) the afternoon compared to the morning, at the same 
measured Pgc (Fig. 6). This discrepancy in Compartment 2 was explained by a 
40 cm high construction on the roof between Compartment 1 and 2 (Fig. 1), which 
cast shadow in Compartment 2 in the afternoon. This was shown by the PPFD meas-
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Fig. 6. Simulated (model described in Chapter 3.3) Pgc (Pgc,s) plotted against measured Pgc 
before (•) and after (O) 12:00 h solar time in Compartment 1 (A,C,E) and Compartment 2 
(B,D,F) on 10 June (A,B), 14 June (C,D) and 3 July (E,F). Climatic conditions for these days 
in Table 2. Dashed line represents y = x relationship. 
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On cloudy days hardly any difference between the two sensors was observed, whereas 
on a bright day between 13:00 and 16:00 h the quantum sensor in Compartment 2 
received 2-32% lower PPFD than the sensor in Compartment 1. 
Leaf area index: Comparison (only measurements before 12:00 h) of crop photosyn-
thesis-light response curves at high (2.5-3.0) and intermediate (1.5-2.0) LAI showed at 
both 340 and 500 u.mol mol'1 an increase in Pgc by 17-21%, independent of PPFD 
(Fig. 5). At 900 umol mol"1 the influence of LAI decreased from 30% at a PPFD of 
50 umol m'2 s'1 to 16% at 1400 umol m'2 s'1 (Fig. 5). This can also be concluded from 
Table 4: at 340 and 500 u,mol mol"1 influence of LAI on a and Pgc,m»x is almost identi-
cal, whereas at 900 umol mol'1 LAI effect on a is about twice the effect on Pgcmax-
Discussion 
General 
The small size of the canopy used in our measurements, combined with a high LAI in 
part of the measurements (Fig. 2), gives rise to a large contribution of side lighting to 
total light interception. Therefore, Pgc will be significantly higher compared to that of 
an 'infinite' canopy at equal PPFD. Furthermore, the reflecting north wall (Fig. 1) 
enhanced crop light interception. Hence, Pg(:, a and Pgc,max (Table 4) can not be com-
pared with results from literature. However, it was assumed that hysteresis would not 
be modified by side lighting. In addition, it was assumed that the relative influence of 
CO2 concentration on crop photosynthetic rates was not affected by side lighting. It 
was calculated for an 'infinite' crop at LAI is 3 and using the biochemical model of leaf 
photosynthetic CO2 assimilation of Farquhar et al. (1980), that differences in relative 
CO2 influence on Pgc at different PPFD were only small (results not shown). When 
using the present measurements for comparison with literature values or model valida-
tion, side lighting and the reflecting north wall (Fig. 1) have to be taken into account. 
Vapour pressure deficit (VPD) was low in our measurements (Table 2), as com-
pared to normal greenhouse conditions. This does not reduce the value of the present 
measurements, as according to Bakker (1991), effects of humidity (0-1 kPa VPD) on 
Pgc are expected to be less than 5%. 
Carbon dioxide 
The way CO2 effects were determined (Fig. 4) is direct (two almost identical compart-
ments at different CO2 concentrations) and therefore probably more reliable than 
fitting light-response curves for every CO2 treatment and estimation of C02 effects 
from these curves. Results from the latter procedure, followed by Nederhoff and 
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Vegter (1994) and Hand et al. (1993), are easily influenced by the type of equation 
fitted to the data (e.g. Peat, 1970). 
The results clearly show that both at low and at high PPFD an increase in CO2 con-
centration from 500 to 900 umol mol"1 yields a higher P^ (Fig. 4). This contradicts the 
conclusion of Longuenesse (1990), that in tomato enhanced leaf photosynthetic rates 
at high CO2 (1000 umol mol"1) are observed only when radiation is high. However, 
although not statistically significant, at low PPFD the measurements of Longuenesse 
(1990) showed an increase in leaf photosynthetic rate with 35%, when CO2 concentra-
tion was 700-900 umol mol"1 compared to 300-500 umol mol"1. Increased CO2 stimu-
lates the net rate of carboxylation at the ribulose-l,5-i;jphosphate carboxy-
lase/oxygenase (Rubisco) enzyme for two reasons: (1) Rubisco has a relatively low 
affinity for CO2 and is substrate-limited at atmospheric CO2 and O2 concentrations, and 
(2) increased CO2 competes with O2 and decreases oxygenation (Stitt, 1991). Hence, 
photosynthesis is expected to increase with CO2 concentration over the whole range of 
PPFD, as observed in our crop photosynthesis measurements and those of several 
other authors (Acock et al, 1976; Hand et al, 1993; Nederhoff and Vegter, 1994). 
Fig. 4 shows a constant relative CO2 effect (17%) over the whole range of PPFD 
when C02 concentration is increased from 500 to 900 umol mol"1. At ambient C02 
only few measurements were available and therefore we can not be conclusive, but 
CO2 effect seemed to increase with PPFD when increasing CO2 from 340 to 500 
umol mol"1. Measurements of Nederhoff and Vegter (1994) showed equal C02 effects 
at a PPFD of 450 and 1350 umol m'2 s'1. Hand et al (1993) observed almost the same 
relative effect of C02 enrichment (400 umol mol'1 compared to 1200 umol mol'1) on 
crop photosynthesis of aubergine at a PPFD of 180 umol m'2 s'1 and 900 umol m"2 s'1. 
CO2 influence between 340 and 500 umol mol'1 (23% averaged over all PPFD) was 
larger than between CO2 concentrations of 500 and 900 umol mol"1 (17%), which 
agreed with the well-known saturation effect of CO2 concentration on Pgc (e.g. 
Starzecki and Czarnowski, 1989; Hand et al, 1993). Relative effects of CO2 enrich-
ment were in good agreement with observations of Nederhoff and Vegter (1994), who 
reported 26% increase in tomato crop photosynthesis between 350 and 700 umol mol"1, 
independent of PPFD. 
Irradiance 
PPFD's in our measurements (up to 1400 umol m"2 s'1) are among the highest reported 
in literature for greenhouse crop photosynthesis measurements at elevated CO2. Pgc 
was not yet light-saturated at 1400 umol m'2 s"1 PPFD (Fig. 6), which is in agreement 
with observations forP„ of tomato (Acock et al, 1978; Nederhoff and Vegter, 1994) 
and cucumber (Warren Wilson et al, 1992; Hand et al, 1993). 
Unlike Hand et al (1993) and in agreement with Nederhoff and Vegter (1994), no 
clear influence of CO2 concentration on saturating PPFD for crop photosynthesis rate 
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was observed (Fig. 6). In our measurements, increased LAI did not increase saturating 
PPFD (Fig. 6), probably because this influence is rather small (Acock et al, 1978; 
Chapter 4.3). 
Hysteresis 
Although we could investigate hysteresis only indirectly, by comparing simulated and 
measured Pgc (Fig. 6), it is concluded that hysteresis in the response of Pgcwas absent 
or at least negligible. Ito (1971) explained a lower photosynthetic rate in the afternoon 
at the same PPFD as a result of either accumulation of starch in the leaves or water 
stress. Whitfield et al (1986) described hysteresis to changes in stomatal activity as 
governed by the physiological status of the leaves, and possible reductions in light 
interception associated with wilting. Bodlaender (1977) did not explain his observa-
tion, but his measurements were conducted during a dry and hot summer and the crop 
was grown on a light soil, thus making the occurrence of water stress likely. Nederhoff 
and Vegter (1994) did not observe hysteresis in their crop photosynthesis measure-
ments for several greenhouse fruit vegetables. Hand et al (1992) concluded that for 
plants freely supplied with water (Acock and Hand, unpublished data), there is little or 
no difference between net photosynthesis-light response curves obtained during the 
morning or the afternoon. This was confirmed by Hand et al (1993). 
Leaf area index 
A higher LAI resulted in a higher Pgc (Fig. 5), which is in agreement with the measure-
ments of Nederhoff and Vegter (1994) and Acock et al (1978). This effect of LAI was 
expected to increase slightly with PPFD (Acock et al, 1978; Chapter 4.3). At high 
PPFD (more leaves are light-saturated) crop light use efficiency is lower and therefore 
increasing LAI at high PPFD will result in a higher relative increase in crop light use 
efficiency than at low PPFD. Our measurements (Fig. 5) did not show influence of 
PPFD on LAI effect at C02 concentrations of 340 and 500 umol mol"1 and showed a 
decreased LAI effect with PPFD at a C02 concentration of 900 umol mol"1. Probably 
our experiment is too insensitive to detect the small PPFD influence on LAI effect, 
which had to be determined by a curve-fitting procedure. Parameters oc and Pgc,max in 
eqn [2] are highly correlated (r = -0.8) and not at every LAI and CO2 concentration 
measurements were distributed equally over the PPFD range (Fig. 5). 
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photosynthesis model 
HeuvelinkE, GijzenH. 1996. Tomato leaf and crop photosynthesis: validation of an 
explanatory model. Journal of Experimental Botany (Submitted). 
Abstract 
An explanatory crop photosynthesis (Pgc) model (ASKAM; Gijzen, 1992) was 
validated for tomato. Single leaf photosynthetic rates (Pg) are simulated separately for 
shaded and sunlit leaf area as a function of depth in the canopy, taking into account the 
direct and diffuse components of light. Pgc is computed by integration of Pg over crop 
height. Leaf photochemical efficiency (e) and maximum leaf gross photosynthetic rate 
(Pg^ ux) both depend on temperature and C02 concentration. It is assumed that P g ^ 
and e of all leaves are identical. Observed Pg showed that e and potential Pg^x values 
in tomato were not different from the standard values in the model. Observed leaf 
scattering coefficient was 0.11 and extinction coefficient for diffuse radiation was 0.75, 
in agreement with the standard parameters in ASKAM. Pgc measurements in two day-
lit phytotron compartments (Chapter 3.2) at 20°C, CO2 concentrations of 340, 500 and 
900 umol mol'1, over a range of natural photosynthetic photon flux densities (PPFD; 
0-1400 umol m"2 s'1) and at different leaf area indices (LAI; 1.5-3 m2 m"2) were used 
for model validation. ASKAM was adapted to account for the effects of side-lighting 
in the small canopy used for Pgc measurements. Crop dimensions, global radiation 
outside, fraction diffuse radiation outside (Faa), LAI, CO2 concentration, temperature 
and respiration rate (measured during the night) were input to the model. Level and 
dynamics of both simulated PPFD inside the phytotron compartment and simulated Pgc 
showed good agreement with measurements. However, Pgc increased with 17%, when 
CO2 concentration was increased from 500 to 900 umol mol'1, whereas the model 
predicted an increase with 9% only. This underestimation of influence of CO2 at higher 
CO2 concentration was also observed for Pg. 
Correcting Pgc for side-lighting by adding side-light to PPFD on top of the canopy, 
gave Pgc-light response curves representative for 'infinite' crop canopies, although 
accuracy of this procedure depends on LAI, crop height and Fdif. If Pg^ Ux would 
decrease with canopy depth, a significant decrease (>10%) in Pgc would occur only at 
high PPFD combined with low LAI. It is concluded that the good results of validation 
for Pg, light interception and Pgc, make ASKAM a reliable part of the tomato crop 





Crop growth models summarise our knowledge about crop behaviour (Acock and 
Reynolds, 1989) and they have a wide range of potential applications in the field of 
greenhouse culture, e.g. research, planning and climate control (Challa, 1990; Jones et 
al., 1991; Seginer, 1993). Photosynthesis is a basic process for crop production as it 
supplies the assimilates necessary for maintenance and growth. Therefore, 
photosynthesis is the 'driving force' in many crop growth models (e.g. models 
described by Spitters et al., 1989; Hoogenboom et al., 1990; Jones et al., 1991). 
Before a model can be used, it should be validated, using independent measurements, 
not used for model development (Van Keulen, 1975). 
The objective of the present work was to validate the explanatory crop 
photosynthesis model ASKAM (Gijzen, 1992) for tomato. Validation was focused on 
the influence of photosynthetic photon flux density (PPFD) and CO2 concentration on 
crop gross photosynthesis (Pgc) at different leaf area indices (LAI) under otherwise 
optimal conditions. Acclimation to high C02 (Besford et al., 1990; Yelle et al., 1990) 
was not considered in this study. Validation of explanatory models, like ASKAM 
(Gijzen, 1992), should focus on the internal processes of the model, the model 
components (submodels) and the interaction of the model components (Pidd, 1992). 
Validation of ASKAM at the level of crop photosynthesis only, would disregard the 
possibility of compensating errors in the different modules. 
One submodel in ASKAM is the leaf photosynthesis model, which should be 
validated by photosynthesis measurements on individual leaves. In addition to leaf 
photosynthesis, canopy light interception has to be predicted accurately for accurate 
prediction of Pgc. Hence, the submodel describing light interception has to be validated. 
A specific question arising from scaling up from leaf photosynthesis to Pgc is whether it 
is allowed to assume the canopy to be composed of leaves with identical 
photosynthetic and respiratory characteristics, as is done in ASKAM. Several authors 
showed a decrease in light-saturated leaf photosynthetic rate with increasing leaf age 
(Peat, 1970; Ho and Shaw, 1977; Besford et al, 1990). For leaf photochemical 
efficiency (i.e. initial slope of photosynthesis-light response curve) no discernible 
trends with time were observed, except for visibly senescent leaves, when efficiency 
decreased appreciably (Peat, 1970). 
Measurements of Pgc are necessary for model validation, but difficult to conduct. Pgc 
may be measured in large greenhouses, using tracer gas to measure the air exchange 
rate (e.g. Nederhoff and Vegter, 1994). However, in such a semi-open system, no 
measurements at high PPFD combined with high CO2 at normal temperatures are 
feasible, because high ventilation rates needed would make accurate measurements 
impossible. Even if this is not a common condition in practice it is necessary to obtain 
such measurements to gain confidence in the model and to obtain better estimates of 
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the slope of the response to a climatic factor over the whole range. Difficulties with 
such measurements in ordinary greenhouses can be overcome by mechanical cooling, 
but in that case only a small greenhouse and thus crop stand is feasible (e.g. Chapter 
3.2). In a small crop there is a large influence of side-lighting, which is a general 
problem in most Pgc measurements. Some authors (Jones et al, 1991; Hand et al, 
1992) simply ignored side-lighting; others (Acock et al, 1978); Hand et al, 1993) 
screened the sides of the crop with green, polythene shade netting to simulate shading 
by adjacent plants. However, shading not necessarily results in photosynthetic rates for 
an 'infinite' crop, as percentage shading needed is not exactly known and realised. 
Moreover, adjacent plants will decrease PPFD when going from top to bottom of the 
canopy, whereas a screen does not simulate this effect. Warren Wilson et al (1992) 
measured light incident on the vertical surface (averaged over four sides) as percentage 
of light incident on the horizontal surface above the canopy. The relative fluxes of light 
incident on the top and side of the canopy were estimated from the products of this 
relative light flux density and the area for each of these sides. Extra light falling on the 
canopy sides (32% of light incident on top of the canopy) was simply added to the 
incident light on top of the canopy. This procedure is very attractive as it is a simple 
way of correcting for side-lighting, however, it was not validated. 
In the present work, Pgc measurements on a relatively small stand of tomato 
(Chapter 3.2) were used for validation of ASKAM. The light distribution in the model 
was adapted to account for the radiation conditions in the day-lit phytotron 
compartments and side-lighting of the stand. It was assumed that, when the adapted 
ASKAM would accurately simulate P^ measurements, the original ASKAM would 
give reliable predictions of Pgc for the more simple situation of an 'infinite' crop. The 
adapted ASKAM was also used to quantify the effects of side-lighting on P^ and to 
evaluate the procedure used by Warren Wilson et al. (1992) to correct for side-
lighting, because it would represent a much simpler alternative. 
As large differences among experiments for both Pg and Pgc, measured for the same 
species, are reported (e.g. sweet pepper Pgc of Nederhoff and Vegter, 1994), it was 
decided on forehand, that generic parameter values in ASKAM would only be replaced 
by specific ones for tomato, when large discrepancies between simulated and measured 
values would occur, also taking into account the large differences in measurements 
reported in literature. In fact, differences among P^ measurements for the same 
species, i.e. sweet pepper, were even larger than differences among different fruit 
vegetable species (Nederhoff and Vegter, 1994). 
Model description 
General 
ASKAM (Gijzen, 1992) calculates instantaneous gross and net crop photosynthesis 
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rates, based on short-term (e.g. half-hourly) data on radiation, temperature and C02 
concentration. It uses the procedures for calculating light extinction as applied in 
SUCROS87 (Spitters et al, 1989). The calculated photosynthesis rates can be called 
potential, as no limiting effects like water or nutrient stress, high vapour pressure 
deficit of the air, or pests or diseases, are taken into account. Gross CO2 assimilation 
of the crop is dependent on light distribution and absorption by the canopy, mainly 
determined by the incoming radiation and the leaf area index. From the photosynthetic 
characteristics of single leaves, which are set identical for all leaves, and the radiation 
profile in the canopy, instantaneous rate of CO2 assimilation is calculated. 
Global radiation (300-3000 nm wavelength) outside the greenhouse, greenhouse air 
temperature and C02 concentration were input to the model. PAR (photosynthetically 
active radiation, 400-700 nm wavelength) was approximated by a fraction of 0.47 of 
total global radiation. Radiation flux is separated into direct and diffuse radiation, as 
greenhouse transmission and light extinction coefficient in the canopy differ for direct 
and diffuse radiation. Fraction diffuse in outside global radiation was calculated, based 
on measured instantaneous global radiation (I), calculated global radiation outside the 
atmosphere (extra-terrestrial; Iex) and the sine of solar elevation (Spitters et al, 
1986a). The procedure is based on a regression equation relating fraction diffuse in 
hourly global radiation to atmospheric transmission (1/1«) at De Bilt, The Netherlands. 
The relation results from the notion that when less radiation is received at the surface 
of the earth compared with what could have been measured when no atmosphere was 
present, radiation is more scattered and intercepted by air, ozone, water vapour, clouds 
and aerosols, and consequently is more diffused (Gijzen, 1992). 
Crop Photosynthesis 
Leaf photosynthesis: Pg was calculated assuming a negative-exponential light-response 
curve, based on two parameters: photochemical efficiency (e; mol C02 mol"1 photon 
absorbed; initial slope of light-response curve) and potential leaf gross photosynthesis 
rate at saturating light level (Pg^ mx). Both parameters are influenced by C02 and 
temperature as described by Gijzen (1992). Photochemical efficiency is calculated from 
the potential photochemical efficiency in the absence of oxygen, corrected for 
photorespiration: 
e = e„(C,-r)/(C, + 2 r ) [1] 
in which Y represents the C02 compensation concentration (umol mol') and Ca the 
ambient C02 concentration (umol mol"1). Y increases with leaf temperature (Ti; °C) 
according to the measurements of Brooks and Farquhar (1985): 
T = 42.7 + 1.68 (Ti-25) + 0.012(T,-25)2 [2] 
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The maximum net photosynthesis rate limited by CO2 (Pn,c; umol CO2 m'2 s'1), depends 
on the CO2 gradient between ambient air and chloroplast, and three resistances to CO2 
transport (Goudriaan etal, 1985): 
P„,c = 41.6 (C,- T) / (rm + 1.36 rb + 1.6 r„) [3] 
in which 41.6 is the density of CO2 at 20°C mmol l"1, rm is the mesophyll resistance to 
CO2 transport (s m'1), rb and rs are boundary layer resistance (s m"1) and stomatal 
resistance (s m'1) for water vapour diffusion, respectively. The ratios between CO2 
diffusion and water vapour diffusion are 1.36 and 1.6 (Von Caemmerer and Farquhar, 
1981) for the boundary layer resistance and the stomatal resistance, respectively. 
Mesophyll resistance (a chemical resistance) depends on leaf temperature, following an 
optimum curve. 
Maximum net Pg at light saturation is taken as the minimum of P ^ and Pmm. Pmm is 
the maximum endogenous photosynthetic capacity, which depends on leaf temperature, 
according to an optimum curve. Finally, Pg,max can be calculated from P^ max by adding 
the dark respiration rate: 
Rd,T, = R«,2oQ1o,,[01(T|-20)] [4] 
in which R^T, and R^o are the dark respiration rates of the leaf (umol CO2 m'2 s') at 
leaf temperature T| (°C) and 20°C respectively and Qio.i the ratio between dark respira-
tion at Ti+10°C and T| °C. Ti is assumed to be equal to greenhouse air temperature. 
The model parameters are given in Table 1. 
Light absorption. Light is decreasing exponentially with leaf area index (LAI) within 
the canopy (Spitters et al, 1989). The extinction coefficient of this relation differs for 
diffuse and direct fluxes, and depends on solar elevation (direct flux only), leaf angle 
distribution and the scattering coefficient for individual leaves (a). Instantaneous 
assimilation rates at different depth in the canopy were calculated for shaded and sunlit 
leaf area separately, based on the light-response curve for leaf photosynthesis (Pg) 
described before and integrated both over the canopy LAI. 
Model adaptation for canopy size and specific radiation conditions in day-lit 
phytotron compartment 
The light climate in the compartment: The light climate in the phytotron compartment 
was determined by the diffuse and direct light transmission of the roof and by the back 
(northern) wall of the phytotron. The phytotron had an inclined south-facing glass roof 
with construction elements running horizontally (the ridges), and elements running 
in the direction of the inclination (the bars). As no conventional model for greenhouse 
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Table 1. Numerical values for parameters used in ASKAM (Gijzen, 1992). 
Parameter Meaning Value Unit 
8„ Leaf photochemical efficiency in absence of oxygen 0.084 mol C 0 2 mol'1 photon 
Prom Maximum endogenous photosynthetic capacity 45.5y umol C 0 2 m"2 s"' 
T carbon dioxide compensation concentration variable umol mol'1 
k extinction coefficient for diffuse radiation 0.72" -
a scattering coefficient of individual leaves 0.15 
Qioa Qio-value for temperature effect on leaf dark 2.0 
respiration 
Rj,2o leaf dark respiration rate at 20°C 1.14 umol C 0 2 m'2 s"1 
rb leaf boundary layer resistance to H 2 0 diffusion 100. sm'1 
rs leaf stomatal resistance to H20 diffusion 50. sm'1 
rm mesophyll resistance to C 0 2 transport 2507 s m"1 
"This value assumes a spherical leaf angle distribution. 
y
 Mesophyll conductance (l/rm) and P,™, depend on temperature according to an optimum curve, 
with zero values at 5 and at 40°C and maximum values being reached at 15 and 25°C and no 
influence of temperature in between these two temperatures (a plateau). Values given are 
plateau values. 
light transmission could be applied, a special routine was developed. The transmission 
of the roof, i.e. of the construction elements (Trc„„) and of the glass (TrgiaM) was 
calculated according to Bot (1983). Transmission for diffuse radiation of a glass pane 
was 81% (measured by JA. Stoffers, IMAG-DLO, Wageningen; glass thickness 4.2 
mm). TrCOn was calculated from the area of the shade cast by the construction elements. 
This routine was also applied to calculate the transmission of the walls between the 
phytotron compartments, by changing the orientation of the 'roof (i.e. glass pane + 
construction elements) and taking the appropriate dimensions of the construction 
elements. The back wall affected the light climate as it was, due to its reflecting 
properties, casting both diffuse and direct reflected PAR on the crop. Wall absorption 
of incident PAR was measured to be about 0.35. Part of the reflected direct PAR was 
diffused, grossly estimated as 0.7 of total reflected PAR. 
Simulated diffuse PAR transmission of the phytotron cover, Trdif, decreased from 
0.54 to 0.47, from a point at 5 m distance from the wall to a point close to the back 
wall. Four fluxes of PAR were considered for calculation of the light interception by 
the crop: 
1) diffuse PAR originating from diffuse PAR outside the compartment, either directly 
or via reflection by the back wall: Im, 
2) direct PAR coming directly from direct PAR outside the compartment: I<nr, 
3) direct PAR originating from direct PAR outside the compartment but reflected by 
the back wall: Idir,«:«, 
4) diffuse PAR originating from direct PAR outside the compartment but reflected and 
diffused by the back wall: Idir.dif-
Idif was calculated from measured diffuse PAR transmission of the phytotron cover. 
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Idir and Idir,ren were calculated from calculated direct PAR transmission of the cover, 
and absorption and reflection coefficients of the back wall. The intensity of Idir.dif at any 
point in the phytotron was calculated from the average intensity of Idir at the back wall 
multiplied by the reflection coefficient of the back wall and the fraction diffused by the 
back wall, however, taking account of the view factor for this diffuse light at a given 
point, i.e. a point close to the back wall would 'view' more of Idir.dif than a point further 
off 
Light interception by the canopy: The light interception by the canopy had to be 
described in a detailed manner, because the crop covered a small area so that light 
falling on the sides of the plant stand contributed significantly to total light 
interception, and because of the presence of the reflecting back wall, which represents 
an abnormal element, compared with a standard greenhouse. 
For the calculation of the absorption of the four PAR fluxes, the plant stand was 
represented as a block with given width, length and height. Extinction and absorption 
of direct and diffuse PAR were calculated following the procedure used by Gijzen and 
Goudriaan (1989) for a hedgerow crop. Path lengths and leaf areas traversed by a light 
beam were calculated from geometries of the block and direction of the beam (azimuth 
and elevation). The absorption of Idif was calculated assuming it to be of uniform 
intensity in all directions. The absorption of Idir,«« was calculated in the same way as 
for Idir, taking account of the changed azimuth of the flux Idir,ren- The absorption of 
Idir.dif was calculated as for Idif. At the leaf level Idif, Idir,refi and Idir.dif were considered to 
contribute to the absorbed background diffuse flux. Calculations of incident PPFD and 
gross photosynthesis rate were conducted at a 10x10x10 grid and summed to find the 
total Pgc. 
Materials and methods 
General 
Unless stated otherwise, experiments were conducted in compartments (12 m x 
12.8 m) of the multispan Venlo-type glasshouse of the Department of Horticulture, 
Wageningen, The Netherlands. In all experiments tomato (Lycopersicon esculentum 
Mill. 'Counter') plants, sown in seed trays filled with a commercial potting soil, were 
used. Seedlings were transplanted into pots 8-14 days after sowing. All dry weights 
(leaves including petioles) were determined after drying in a ventilated oven at 60°C 
for at least one week. Leaf area was measured using a LICOR Model 3100 Area Meter. 
Determination of scattering coefficient of leaves (a) 
Light reflection and transmission of eight tomato leaves were measured at the Research 
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Institute for Agrobiology and Soil Fertility (AB-DLO, Wageningen, The Netherlands), 
using a LICOR-1800 spectroradiometer in combination with a LICOR-1800-12 
External Integrating Sphere. Measurements were conducted over the wavelength 
interval 360-1000 nm with steps of 2 nm. Four leaves were taken from plants, grown 
in a climate room (21°C, 115 umol m'2 s ' ' P P F D from Philips TLD-hf 50-W 
fluorescent tubes, colour 84) in pots with expanded clay grit and nutrient solution as 
described below. Measurements were conducted on the second leaf above the 
cotyledons, 26 days after sowing. Another four leaves were taken from a producing 
greenhouse tomato crop (tenth leaf larger than 5 mm from top of the plants), 84 days 
after planting in January. For all leaves, area and dry weight were determined. 
Leaf photosynthesis measurements 
Plant material: On 10 and 13 September 1991, 8 days after sowing, tomato seedlings 
were transplanted in expanded clay grit (Leca, 4-8 mm) in 11 cm plastic pots, after 
carefully removing all soil from the roots. The pots were placed on benches in a 2 cm 
layer of nutrient solution of Nutriflora-T (Windmill Holland BV; contains all major and 
minor nutrients except Ca; 0.83 g l"1) and Ca(NC<3)2 (1 g l"1). Electrical conductivity 
was kept at approximately 2 dS m"1 by adding water and nutrient solution when 
necessary. pH was 6-7 and the nutrient solution was refreshed after three weeks. Pg 
was measured 37-40 days after sowing. 
Measurement system. Pg was measured at AB-DLO, Wageningen, The Netherlands. 
The gas handling system was of the 'open system' type (Sestâk et al, 1971) modified 
by A. ten Cate and CS. Pot (AB-DLO). Illumination was provided by a lamp, with a 
spectrum similar to daylight (HMI 2500 W/GS, Osram GmbH, Berlin, Germany), fitted 
with filters to limit its spectrum to 400-700 nm, thus reducing heat load on the leaf. 
PPFD was measured with and energy response PAR-sensor (TFDL, Wageningen). As 
photosynthesis responds to quantum flux rather than to energy flux, measurements 
were converted (1 W m"2 PPFD = 4.6 umol m'2 s'1; McCree, 1972). Air flow rate into 
the chamber (0.25 m x 0.25 m x 0.025 m) was measured with a mass flow meter (5850 
TR, Rosemount, Veenendaal, The Netherlands). Wind velocity over the leaf was 1.5 
m s'1 and the boundary layer conductance to H20 was 0.7 mol m"2 s"1. Leaf tempera-
ture was measured with a small thermocouple (0.05 mm) pressed to the lower side of 
the leaf. Partial pressure of CO2 in the air-flow into the chamber was measured with an 
absolute infrared gas analyser (225 MK3, ADC, Hoddesdon, England). Dewpoint of 
the ingoing air stream was measured (series 3000, Michell Instruments Ltd, Cam-
bridge, England). Assimilation and transpiration rate were calculated from the deple-
tion in the partial pressure of CO2 and H2O in the air-flow out of the chamber, as 
measured by two differential infrared gas analysers (225 MK3, ADC, Hoddesdon, 
England). Gas exchange parameters were calculated using the equations of Von 
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Caemmener and Farquhar (1981), incorporating corrections for dilution of the gas 
stream with transpired water vapour. 
Measurements: Measurements were conducted on the third leaf above the cotyledons 
at a leaf temperature of 21±0.5°C, C02 concentrations of 100 (99±1), 350 (357+2), 
600 (613±3) and 1200 (1179±5) umol mol-1 and a PPFD of 0, 120, 207, 516 and 740 
umol m"2 s"1. Prior to the measurements, plants were placed for one day in a growth 
cabinet in a 2-cm layer of nutrient solution at 21°C and a PPFD of 280 umol m"2 s"1 
(day-length 16 h) to 'recover' from the transport. At the start of a measurement the 
plants had experienced at least 2 h of light. 
At each measuring day four plants were used (one for each C02 concentration) and 
at every CO2 concentration a light response curve was measured, starting 
measurements always at the lowest PPFD. For all plants leaf area, fresh and dry weight 
of leaves and stem, number of leaves (> 5 mm) and plant height were measured. Leaf 
area and fresh and dry weight of the third leaf were measured separately. 
Determination of light extinction coefficient in a tomato canopy 
Tomato plants (sowing dates 6 January and 7 May 1992) were grown in pots and 
arranged at different plant densities (equal space available for every plant) to establish 
the relationship between LAI and light interception on cloudy days [26 February, 18 
March and 13 July (plants from second sowing date)]. Plant leaf area was 1234±36, 
4967±142 and 4600±112 cm2, for plants measured at 26 February, 18 March and 13 
July, respectively. PPFD was measured above and below a canopy made with these 
plants, with two 0.75 m long quantum response tube PAR-sensors (TFDL, 
Wageningen, The Netherlands). At each density five measurements of light 
interception were made; the sensor was hold perpendicular to the row direction and the 
five positions were equidistant between two plants on a row. Extinction coefficient 
was calculated, fitting the following relation (Goudriaan, 1988) to the measurements: 
I/I„ = e-kLAI [5] 
where I is PPFD below the leaf canopy, I0 is PPFD above the canopy, k is light 
extinction coefficient and LAI is leaf area index. 
Light interception was also measured periodically in a greenhouse tomato crop, 
planted at three plant densities (0.40 m, 0.60 m and 0.80 m within-row plant distance, 
0.80 m between rows). For each plant density, light interception was measured at ten 
positions under overcast sky, resulting in an average light interception for the crop (a 
row crop, therefore light interception was very location-dependent). Leaf area was 
measured on four plants from each plant density at the same day as when light 
interception was measured. When not all the leaves in a canopy are horizontal, 
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theoretically eqn [5] is no longer valid. Extinction coefficient in that case will decrease 
with LAI, which has been discussed theoretically by Goudriaan (1988). Assuming a 
Standard Overcast Sky (SOC: Grace, 1971; radiation intensity increases by a factor 3 
from horizon to zenith) and a spherical (isotropic) leaf angle distribution, i.e. no 
preferential orientation, light interception is influenced by LAI according to 
(Goudriaan, 1988): 
W» = 0.178 e-k'/SIN(15°) LAI + 0.514
 e-k7SIN(45°) LAI + 0.308 e-k'/SIN(75°) LAI [ 6 ] 
Crop photosynthesis 
Measurements: The measurements in the semi-closed system were conducted in two 
day-lit compartments (5.1 m x 4.8 m) of the phytotron of the Department of 
Horticulture, Wageningen, The Netherlands and were presented in Chapter 3.2. 
Measurements were averaged over 6 min intervals. 
Radiation measurements inside the phytotron compartments: Outside radiation was 
measured with two solarimeters (Kipp and Sons, Delft, The Netherlands; type CM11), 
one measuring total global radiation and one with a shadow ring (type CM121), 
measuring the diffuse component of global radiation. 
Compartment transmission for diffuse radiation was determined with two 
solarimeters (Kipp and Sons, type CM25), placed at six different positions (two 
positions at the same time) in Compartment 2 in August and September 1991, at a 
height of 1.85 m. 
Simulation of PPFD inside the phytotron compartment was validated with measured 
incident PPFD in Compartment 1 during Pgc measurements in June and July 1992 (26 
days). PPFD was measured above the canopy with a 75-cm quantum response tube 
PAR-sensor (TFDL, Wageningen, The Netherlands). Sensor location was 0.8 m from 
the west glass wall, 3.5 m from the north wall and 2.2 m above ground level and the 
sensor pointed north-east. In July and August 1993 (26 days), light measurements 
were conducted in both phytotron compartments simultaneously, with two 1 m LICOR 
quantum meters, located 0.5 m from the west glass wall, 2.6 m from the north wall and 
2.0 m above ground level. Sensors pointed north-east. 
All data were 6 min averages, registered by a data-logger (HP 3 852A, Hewlett-
Packard, Palo Alto, USA). 
Simulation: Crop respiration was not simulated, but measured values (averaged 
between 21:00 and 03:00 MET; Chapter 3.2) were used as input in the model, together 
with crop area, crop height, LAI (weekly destructive measurements) and 6 min 
averages of outside global radiation, measured fraction diffuse outside and the phy-
totron compartment temperature and CO2 concentration. 
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Sensitivity analysis 
Quantification of effects of side-lighting: The original ASKAM-model was used to 
calculate Pgc of an 'infinite' crop (Pgc,inf). With the phytotron transmission submodel in 
the adapted ASKAM model, describing the specific light climate inside a phytotron 
compartment, average (11 x 11 grid) incident PPFD (separated in diffuse and direct 
flux) on top of the canopy (Itop) was calculated for every day in Compartment 1. Only 
data before 12:00 h solar time were used, to avoid problems with the phytotron 
building casting shadow over the crop (Chapter 3.2). Up values (available at 6 min 
intervals) were used as input in the original ASKAM-model for an 'infinite' crop. By 
comparing Pgc,inf with measured Pgc, the influence of side-lighting in the measurements 
was quantified. 
Evaluation of a correction procedure for side-lighting: The procedure used by 
Warren Wilson et al. (1992) to correct for side-lighting (see Introduction) was 
evaluated, using radiation data of 15 June 1992 (bright day). Only data before 12:00 h 
solar time were used. PgC,cor values were calculated with the original ASKAM model for 
an 'infinite' crop, using ItoP,cor as input to the model. Warren Wilson et al. (1992) 
calculated Itop, cor as: 
ttop,cor — Mop ~*~ Aside V Aside* Atop,) L 'J 
where Itop,«* is the calculated PPFD on top of the canopy, corrected for side-lighting, 
Itop is PPFD on top of the canopy, Isi„e is average PPFD on the side surfaces of the crop 
and Aside and At„p are the area of the side-surfaces and of the top of the canopy, 
respectively. As side-lighting was not measured in the present experiment, this 
correction was made by 'calibration', such that at standard conditions (area occupied 
by the crop = 3.5 m x 4.0 m, crop height = 2 m, LAI = 3 and CO2 = 340 umol mol"1) 
Pgccor showed good agreement with Pgc for the canopy block in a phytotron 
compartment (Pgc,biock). This resulted in a ratio between It„p,cor and Itop of 2.0, implying 
Iside (as an average PPFD at the three side surfaces; no side-lighting on north surface) 
to be 60% of Itop, as the area of side surfaces was 23 m2 and the area occupied by the 
crop was 14 m2. The influence of CO2 concentration, LAI and crop dimensions on the 
agreement between PgC,i„f and Pgc>Cor was tested, using this value of 60%. Possible effect 
of the fraction diffuse in global radiation was tested by comparing 15 June (bright day) 
with 3 July 1992 (dull day). When the correction procedure is reliable, the parameters 
mentioned before should not influence agreement between Pgc,i„f and Pgc,cor-
Similar photosynthetic characteristics for all leaves: A canopy with leaves with a 
smaller photosynthetic capacity lower in the canopy was simulated by assuming that 
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Table 2. Characteristics of young leaves of tomato plants grown in a climate room or in a 
greenhouse, used for determination of leaf scattering coefficient (mean ± SE; n=16). 
Climate room Greenhouse 
Leaf area (cm2) 
Specific leaf area (cm2 g ') 
Light reflection coefficient (p)y 









yAverage value for wavelengths 400-700 nm 
Pgjiux decreased linearly with height in the canopy (partial LAI) to half of its value at 
the top. Pgc was simulated for diffuse light conditions. 
Results 
Scattering coefficient of leaves (a) 
The scattering coefficient o (a = x + p) of tomato leaves from plants grown in a 
climate room, was 0.12 (Table 2). This means a light absorption coefficient of 
incoming PAR of 0.88. For young leaves taken from a greenhouse tomato crop light 
transmission was 3.0% (Table 2). This was lower than for the leaves from the climate 
room, which had a higher SLA (thinner leaves; Table 2). Scattering coefficient of the 
greenhouse leaves was 0.11, which was almost the same as for the leaves grown in a 
climate room. 
Around 550 nm a maximum in reflection as well as in transmission of the leaves was 
observed (Fig. 1). Therefore, at about 550 nm a minimum in light absorption existed. 
Above 750 nm almost all radiation was either reflected or transmitted by the leaves 
(Fig. 1). 
Table 3. Characteristics of the plant material used for leaf photosynthesis measurements 
(mean + SE; n=16). 
Fresh weight (g) 
Dry weight (mg) 
Number of leaves (> 5 mm) 
Plant height (cm) 






fresh weight (g) 
dry weight (mg) 
area (cm2) 
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Fig. 1. Reflection ( upper leaf side of 
plants grown in climate room; upper 
leaf side of greenhouse-grown plants) and 
one minus transmission ( climate 
room; greenhouse) of tomato leaves 
(average of four leaves). The area in 
between leaf reflection and transmission 
represents at every wavelength the 
absorption of incoming PAR by the leaf. 
Vertical bars indicate standard error of 
mean. 
PPFD (umol m-J »•') 
Fig. 2. Measured (•,0,»,B) and simulated 
(lines) gross photosynthesis of young to-
mato leaves in dependence of incident 
PPFD at four CO2 concentrations ( • , 
100; O, 350; • , 600; • , 
1200 umol mol"1). Mean values 
of four leaves; vertical bars indicate stan-
dard error of mean larger than symbols. 
Leaf photosynthesis 
Average parameters to characterise the plants used in Pg measurements are given in 
Table 3. Above 450 umol m"2 s"1 Pg was (almost) light saturated at all CO2 concentra-
tions tested (Fig. 2). The difference in Pg between CO2 concentrations of 350 and 600 
u,mol mol"1 appeared to be smaller than the difference between 600 and 1200 |o.mol 
mol"1 at all PPFD's. 
The values for e and Pg,n«x as predicted by the model, are presented in Table 4. 
Simulated dark respiration (1.23 umol CO2 m"2 s"1) was replaced by measured dark 
respiration (0.68 umol CO2 m"2 s'1) for better comparison of Pg. As growing conditions 
and specific leaf area were almost identical for the plants used in Pg measurements and 
the climate room plants used for determination of o, a light absorption coefficient of 
0.88 for the tomato leaves was adopted when comparing Pg measurements with model 
predictions. Simulation curves (Fig. 2) showed reasonable agreement with measured Pg 
at low PPFD (< 250 umol m"2 s"1). However, light saturation was observed at much 




Table 4. Photochemical efficiency (s) and light-saturated rate of photosynthesis (Pg.max) as 
calculated by the leaf photosynthesis module at four C02 concentrations at 21°C. A measured 
dark respiration rate of 0.68 umol CO2 m"2 s'1 was used, E and P™* determine leaf gross 
photosynthesis rate (Pg) as related to absorbed PPFD (I; umol m"2 s'^ 1 according to a negative 
exponential curve: Pg = P^m« (1 - e e 
e (mol CO2 mol"1 photon) 
P&n»x (umol C02 m"2 s') 
"
rg,max\ 
C02 concentration (umol mol'1) 
100 350 600 
0.031 0.062 0.071 




Table 5. Measured and simulated Pg relative to Pg at a CO2 concentration of 350 umol mol"1 
Values averaged over four light intensities + SE. 
C02 concentration (umol mol') 
100 350 600 
Measured 37±5 100 112+1 




Furthermore, the positive C0 2 effect of 600 umol mol'1 compared with 350 umol 
mol'1 on Pg was overestimated by the model (Table 5). The positive effect of 1200 
umol mol'1 compared with 600 umol mol'1 on Pg was underestimated by the model, 
whereas the relative difference between Pg at 1200 umol mol'1 compared with 350 
umol mol'1 was the same for the measurements and the simulation: an increase in Pg 
with 33% (Table 5). 
Light extinction coefficient 
Fitted k was 0.83+0.02 (Fig. 3A), which is close to the theoretical value for diffuse 
irradiance (k=0.80), assuming an almost horizontal leaf angle distribution for young 
tomato plants and a o of 0.15 (Gijzen, 1992). 
Periodic light interception measurements in a tomato crop, planted at three plant 
densities, yielded an extinction coefficient of 0.75, when eqn [5] was fitted to the 
measurements (Fig. 3B). However, k seemed to decrease with increasing LAI (Fig. 3B). 
This results from leaf angle distribution (not all leaves horizontal) and has been 
discussed theoretically by Goudriaan (1988). Fitting eqn [6] to our data (Fig. 3B) 
resulted in a value of 0.52±0.02 for k'. Eqn [6] gave a better description of the 
measurements than eqn [5] (Fig. 3B). However, differences were only small and using 
a single extinction coefficient (eqn [5]) is a good approximation. 
Crop photosynthesis 
Light intensity inside phytotron compartment: Based on the measurements with 
solarimeters at six positions in Compartment 2 (August-September 1991), average 
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diffuse transmission was estimated at 0.49±0.02. This value was the average 
transmission when global radiation outside was larger than 20 W m"2 and measured 
fraction diffuse was larger than 0.95. It was higher than the transmission calculated for 
the PPFD measurements (June and July 1992) during Pgc measurements (0.45±0.003) 
and was in agreement with the PPFD measurements in July and August 1993 
(transmission 0.50±0.04 for Compartment 1 and 0.50±0.003 for Compartment 2). The 
latter measurements showed no difference in transmission for diffuse radiation between 
0.0 
LAI 
Fig. 3. (A) Light interception of young tomato plants arranged at different plant densities in 
order to vary LAI. Measurements at (•) 26 February, (D) 18 March and (O) 13 July 1992. 
Solid line is regression equation: I/I„ = e 3 LM (r2 = 0.99, SE = 0.03), dashed line is theoretical 
relation: I/I„ = e"°80 LAI, assuming an almost horizontal leaf angle distribution and a scattering 
coefficient of 0.15 (Gijzen, 1992). (B) Light interception of a greenhouse tomato crop, grown 
at three within-row plant distances (O 0.40 m A 0.60 m and • 0.80 m) in dependence of LAI. 
Solid line is regression equation: I/I„ = e"°'7S L (r2 = 0.88, SE = 0.04), dashed line is regression 
according to eqn [6] (k' = 0.52, r2 = 0.92, SE = 0.03), taking into account a decrease in k with 
increasing LAI (Goudriaan, 1988). 
77 
Chapter 3.3 
Solar time (h) Solar time (h) 
Fig. 4. Diurnal course of measured ( ) and simulated ( ) Pgc on (A) 3 June (day 155), (B) 10 June (day 162), (C) 14 June (day 166), (D) 22 June (day 174), (E) 27 June (day 179) 
and (F) 2 July (day 184) for Compartment 1 at a C02 concentration of 500 umol mol"' (A,B) 
or 900 umol mol"1 (C,D,E,F). Details on these measurements are reported in Chapter 3.2. 
the two compartments. Different values for diffuse transmission measured in 1992 
and 1993 may result from the sensor type and/or sensor position. Measured 
transmission agreed with the average diffuse transmission calculated with the model 
(0.51). A transmission of 0.49 for diffuse radiation was input to the model, as 
transmission measurement with solarimeters was considered the most reliable, since no 
assumption for fraction PAR in total global radiation had to be made. Comparison 
between measured (I) and predicted PPFD (I,im) showed on average a very good 
agreement (June-July 1992, Igim = 0.985 I, r2 = 0.97, SE = 73 umol m"2 s"1; July-August 
1993, Isim = 1.01 I, r2 = 0.98, SE = 74 umol m"2 s'1). In some cases predicted PPFD 
deviated as much as 50% from measured PPFD. This was partly the result of small 
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errors in predicted time at which construction parts cast shadow on the sensor. On 
clear days PPFD inside the compartments was sometimes higher than outside, as a 
result of reflection from the northern wall (not shown). 
Simulation of crop photosynthesis 
General: Averaged over 52 data-sets (26 days, two phytotron compartments) daily 
(07:00-19:00 h solar time) crop gross photosynthesis (Pgc,d) showed good agreement 
with the measurements: only a 2% underestimation was observed. In eight data-sets 
over- or underestimation was larger than 10%, the maximum being 18%. The ratio 
between simulated and measured Pgc,d increased slightly, however statistically 
significant, with daily light integral (slope: 0.0048 MT1 m2 d). Underestimation mainly 
occurred at a CO2 concentration of 900 umol mol"1. 
Besides the daily integral, also dynamics in simulated Pgc showed good agreement 
with the measurements (Fig. 4). The relation (r2 = 0.96) between measured and 
simulated Pgc (0-70 umol m'2 s') showed a slope of 0.95 and a standard error of 
regression of 3.5 umol m"2 s'1. Only data before 12:00 h solar time were used, to avoid 
possible influence of the phytotron building casting shadow over the crop in the 
afternoon (Chapter 3.2). Pg(: was slightly underestimated on average, although 
individual measurements could largely deviate from simulated Pgc. Deviations were at 
least partly the result of small differences in response time between simulation and 
measurements, the model calculating an instantaneous response to a change in PPFD, 
whereas some delay in change in the measured photosynthesis was inevitable, due to 
slowness of the measuring system. This difference in response time was especially 
observed when strong peaks in Pgc occurred (e.g. Fig. 4F around 12:00 h). 
For Pgc a larger underestimation (5%) was observed than for PgC)d (2%), as for Pgc 
only data before 12:00 h were used. The regression line between measured and 
simulated Pgc for all data (morning and afternoon) showed a slope of 0.98, which is in 
agreement with the 2% underestimation observed in P ^ . The underestimation with 
5% in Pgc was caused by 7% underestimation at a CO2 concentration of 900 umol mol'1 
and to a lesser extent (only few measurements) by a 4% underestimation at 350 umol 
mol'1, whereas simulated Pgc at a C02 concentration of 500 umol mol'1 was in 
agreement with the measurements. 
PPFD: Response of Pgc to incident PPFD at different C02 concentrations and LAI is 
shown in Fig. 5. At CO2 concentrations of 350 and 500 umol mol"1, measured and 
simulated response were almost identical. At 900 umol mol'1, Pgc was underestimated 
at all PPFD's, especially at the lower LAI level. Even at an incident PPFD of 1400 




CO2 concentration: Increasing CO2 concentration from 340 to 500 umol mol'1 
increased Pg by 23% (averaged over all PPFD's) The CO2 effect tended to increase 
with PPFD (Chapter 3.2). The model predicted an increase in Pgc when C 0 2 is raised 
from 340 to 500 umol mol'1 of 10% (at 50 umol m'2 s"1) to 25% (at 1400 umol m'2 s'1). 
Increasing C0 2 concentration from 500 to 900 umol mol'1 increased measured Pg<: with 
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300 600 900 1200 1500 
Incident PPFD (pmol nv2 s-1) 
Fig. 5. Pg<; ( ) as influenced by incident PPFD at C02 concentrations of (A) 340 
(300-380), (B) 500 (475-525) and (C) 900 (850-950) umol mol"' and for a canopy with LAI 
1.5-2.0 (O) or 2.5-3.0 (•). Negative exponential relationships fitted to the measurements 
( ) and to the model predictions ( ). Only data before 12:00 h solar time were used. 
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17%, independent of PPFD (Chapter 3.2). This was about twice as high as the model 
prediction (9% increase). In the measurements as well as in the simulations, CO2 effect 
in this range was independent of PPFD. 
It was concluded that influence of CO2 on Pgc in the range 340 to 500 umol mol"1 
was slightly overestimated, whereas the influence of C02 between 500 and 900 
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Fig. 6. Simulated Pg(; [O ASKAM; • ASKAM adapted for small canopies and incident PPFD 
corrected according to Warren Wilson et al. (1992)] in dependence of incident PPFD. (A) 
Standard conditions, (B) C02 concentration 900 umol mol'1, (C) LAI = 1, (D) crop height = 1 
m, (E) crop area = 1.0 m x 5.0 m and (F) 3 July 1992 (dull day). Standard conditions: Bright 
day (15 June 1992), crop area = 3.5 m x 4.0 m, crop height = 2 m, LAI = 3 and C02 




Quantification of effects of side-lighting: Comparing predicted Pgc by the original 
ASKAM ('infinite' crop) with the photosynthesis measurements for a small canopy, 
revealed that side-lighting was responsible for 43% increase in Pgc. 
Evaluation of a correction procedure for side-lighting: Assuming average PPFD at 
the three side surfaces to be 60% of PPFD on top of the canopy and applying the 
procedure of Warren Wilson et al. (1992) on the Pgc measurements to correct for side-
lighting, resulted in a Pgc-light response curve which agreed with the one predicted by 
the original ASKAM (Fig. 6A). Carbon dioxide concentration did not influence the 
predictive value of this correction procedure (Fig. 6B). However, at low LAI the 
procedure overestimated the influence of side-lighting (Fig. 6C), just as when crop 
height was reduced by 50% (Fig. 6D). The former is probably the result of more leaves 
exposed to a PPFD close to saturation at low LAI compared with high LAI, resulting 
in less influence of additional PPFD from the sides. The latter may result from less 
penetration of side light into the canopy (higher leaf area density) at lower crop height 
and unchanged LAI, hence decreasing the influence of side-lighting on Pgc. Reducing 
crop area to 5 m2 did not influence predictive value of the correction procedure (Fig. 6E), 
but when fraction diffuse in total radiation was high the effect of side-lighting was 
overestimated (Fig. 6F). For an 'infinite' crop, diffuse PPFD is used more efficiently 
than direct PPFD (Fig. 6A and 6F). However, response curves resulting from the 
correction procedure of Warren Wilson et al. (1992) were similar for both diffuse and 
direct PPFD. As average crop light use efficiency is higher for diffuse PPFD (less 
leaves at saturating PPFD), relative effect of side light will be less than under 
conditions of direct PPFD (lower average crop light use efficiency). 
Similar photosynthetic characteristics for all leaves: In general, the influence of a 
linear reduction in P^ max with partial LAI (i.e. depth in the canopy) by 50% on Pgc was 
small (Fig. 7). Only at high PPFD combined with a low LAI significant reductions in 
simulated Pgc were observed. At low PPFD or at high LAI most leaves operate far 
below saturation, which results in only a small influence of Pg>max on Pg. Reduction in 
Pgc was usually smaller than 10% (Fig. 7). Increased CO2 reduced the effect of a 
reduction in Pg,max with LAI, as Pg.max increases with CO2 concentration and hence light 
saturation is reached at higher PPFD (Fig. 2). 
Discussion 
Scattering coefficient of leaves (a) 
A minimum in light absorption at about 550 nm (Fig. 1) was also calculated by 
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Fig. 7. Simulated Pgc (ASKAM) with P^ ™« linearly decreasing by 50% with LAI, relative to 
simulated Pgc with constant maximum Pg^ for all leaves, plotted against LAI. Calculations at 
230 (•,<>), 700 (»,0) and 1380 (B,D) umol m"2 s"1 PPFD and at C02 concentrations of 
350 (•,•,•) and 1000 (0,O,G) umol mol"1. 
Gaastra (1959) for a leaf with average absorption characteristics, based on the 
measurements of Moss and Loomis (1952) on bean, spinach, Swiss chard and tobacco. 
Differences in a of climate room and greenhouse grown leaves were only small 
(Fig. 1). There is no reason to adapt the value for a (0.15) in ASKAM, as 
measurements for tomato leaves were close to the model value and sensitivity of the 
model for c is only small (Chapter 4.3). 
Light extinction coefficient 
For a near-planophile leaf angle distribution, theoretical extinction coefficient for 
diffuse light (a at 0.15) is 0.77, in a greenhouse, assuming a Standard Overcast Sky 
(Gijzen, 1992). Such a leaf angle distribution (almost horizontal, with leaf angles 
around 30° dominating) resembles the distribution measured for a tomato canopy 
(Tchamitchian, 1990). Model prediction of k agrees well with our measurement 
(k=0.75, Fig. 3B) and therefore no specific adaptation for tomato in simulation of light 
extinction in ASKAM is made. It is recognised that in the present model a spherical 
leaf angle distribution is used. This yields an extinction coefficient for diffuse light of 
0.65 (Gijzen, 1992). However, sensitivity of Pgc to k was rather low (< 0.2 %/%; 
Chapter 4.3) and therefore predicted Pgc was not much influenced by leaf angle 
distribution. As it was decided on forehand, that generic parameter values in ASKAM 
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would only be replaced by specific ones for tomato, when large discrepancies between 
simulated and measured values would occur, extinction coefficient was not adapted. 
Leaf photosynthesis 
PPFD: Measured Pg at the lower PPFD's in our experiment is similar to values 
reported by Gaastra (1959) for young fully developed tomato leaves, grown at a PPFD 
of 230 umol m"2 s'1 and measured at a PPFD of 300 umol m'2 s'1 and at C02 
concentrations of 850 or 1310 umol mol"1 (12.5 umol C02 m"2 s"1). Ludwig (1974) 
measured a Pg of 2.95 umol C02 m"2 s'1 in fully expanded leaves grown and measured 
at 90 umol m"2 s"1 and a CO2 concentration of 300 umol mol'1, which is in agreement 
with our measurements. Estimated photochemical efficiency at 330 umol mol'1 
[0.041 mol C02 mol'1 photon (incident PAR)], from the Pg measurement of Charles-
Edwards and Ludwig (1975) at 254 umol m"2 s'1, was almost the same as e in our 
measurements (0.044 mol C02 mol'1 photon), estimated at 120 umol m'2 s'1. 
Measured respiration rate (0.68 umol C02 m"2 s'1) was in accordance with literature 
values (Charles-Edwards and Ludwig, 1975; Acock et al, 1978; Hicklenton and 
Jollife, 1978; Jun etal, 1990). 
The large discrepancy between measured and simulated Pg at higher PPFD's 
(Fig. 2), may be explained by the growing conditions of the plants before 
measurements. It is well-known (Peat, 1970; Ludwig, 1974; Charles-Edwards and 
Ludwig, 1975) that large differences exist between 'shade' and 'sun' leaves in Pg,mi>x, 
whereas e is not much different. The model was parameterised for sun leaves, whereas 
our plants were grown in autumn in a greenhouse (light transmission 62%; Chapter 
4.1). During the last five days before the start of Pg measurements, PPF at plant level 
reached an average of 9.2 mol m"2 d"1, which means an average PPFD of about 230 
Umol m"2 s"1. This explanation is supported by observed Pg,max being in between the 
ones reported by Hurd and Sheard (1981) for summer-grown and winter-grown 
tomato plants. 
CO2 concentration: Pg was simulated to increase with 33% when C02 concentration 
increased from 350 to 1200 umol mol'1, which was in accordance with the measure-
ments (Table 5). However, Pg was simulated to increase with 25% in the range 350 to 
600 umol mol'1, whereas measured increase was 12% only. Measured C02 response is 
in agreement with Starzecki and Czarnowski (1989), who observed for tomato leaves 
that proportional increase in Pg between a C02 concentration of 350 and 600 
umol mol'1 was equal to the increase between 600 and 1200 umol mol"1. The same was 
observed by Gaastra (1959) for Pg in tomato and cucumber. 
Concluding remarks: Based on our measurements and many data from literature it is 
concluded that there is no need to adapt the module for leaf gross photosynthesis in 
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ASKAM (Gijzen, 1992) in order to make it more specific for tomato. The general 
model yields reasonable predictions of potential tomato Pg as determined by PPFD and 
CO2 concentration. However, response of Pg to CO2 concentration is simulated too 
fast saturating. 
Temperature influence on Pg was not investigated in our experiment. In fact, 
ASKAM predicts only a small effect of temperature in the range 15-25°C, which is in 
agreement with observations of Ludwig (1974), Nilsen et al. (1983) and Schapendonk 
and Brouwer (1985). 
Influence of air humidity on Pg is not modelled in ASKAM, assuming optimal 
conditions, resulting in high stomatal conductance (g,). This seems acceptable, as 
Bakker (1991) concluded from calculations with ASKAM, taking into account 
observed decrease in g, at high VPD, that reduction in P^m« was only 10-20% when 
VPD increased from 0 to 1 kPa. This concurs with actual measured reductions in leaf 
photosynthesis (Acock et al., 1976; El-Sharkawy and Cock, 1986). 
Crop photosynthesis 
General: Because Pgc was strongly influenced by side-lighting, the original ASKAM 
was adapted, such that side-lighting was explicitly modelled. The adapted version of 
ASKAM describes a more complex situation than the original ASKAM. Hence, good 
agreement between measured and simulated Pgc in the complex situation for a wide 
range of conditions (PPFD's, CO2 concentrations, crop area, LAI) supports the 
predictive value of the original ASKAM. Furthermore, influence of CO2 on Pgc above 
500 umol mol"1 is exactly the same for both models and it is almost identical for both 
models at C02 concentrations below 500 umol mol"1. 
PPFD and C02 concentration: The ratio between simulated and measured Pgc><i 
increased with level of global radiation. This may be the result of small errors in 
simulating the light climate in the phytotron compartments, e.g. a too high reflection 
coefficient of the northern wall, which becomes especially manifest at high irradiance. 
Another explanation could be some water stress at high irradiance, resulting in partial 
stomatal closure and hence a reduced Pgc. Despite these discrepancies, it should not be 
forgotten that on average only a 2% underestimation of PgCjd was observed and only in 
8 out of 52 data-sets over- or underestimation was larger than 10%, the maximum 
being 18%. This means that, in general, ASKAM can be used very well for simulation 
of tomato crop photosynthesis. 
A good agreement was observed between measured and simulated influence of 
PPFD on Pgc (Fig. 5). The underestimation of CO2 effect on Pgc between 500 and 900 
Umol mol"1 (Fig. 5) and the small overestimation of CO2 effect between 350 and 500 
Umol mol"1 was in agreement with observations for Pg (Table 5). 
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Relative effect of CO2 enrichment in the PiC measurements of Chapter 3.2 was in 
good agreement with Pgc measurements on tomato reported by Nederhoff and Vegter 
(1994). These authors observed that increase in Pgc was 15% and 17% for an increase 
in C02 concentration from 350 to 500 umol mol'1 or from 500 to 900 umol mol"1, 
respectively. Therefore, a too fast saturation response of Pgc to C02 concentration 
predicted by ASKAM seems likely. However, less fast saturating response to C02 than 
predicted by ASKAM, is not specific for tomato, as Nederhoff and Vegter (1994) 
observed for sweet pepper and cucumber also an increase in Pgc when CO2 
concentration was increased from 350 to 500 umol mol'1, which was almost equal to 
the increase in Pgc between 500 and 900 umol mol'1. 
Influence of side-lighting: Side-lighting often plays a role in Pgc measurements (e.g. 
Acock et al, 1978; Jones et al, 1991). Its influence on measured Pgc will be larger for 
small crop areas. Compared with most literature reports on Pgc measurements, crop 
canopy in the measurements of Chapter 3.2 was not very small (14 m2 crop area until 
23 June, 10 m2 from then onwards) and even there side-lighting increased Pgc with as 
much as 43%. Neglecting side-lighting would result in far too high estimates of E and 
Pftnux Adding PPFD on the side surfaces to the incident PPFD on top of the canopy, 
according to the procedure of Warren Wilson et al. (1992), is a simple first 
approximation if measurements should be representative for photosynthetic rates of an 
'infinite' crop. However, accuracy of the procedure depends on LAI, height of the 
canopy and fraction diffuse in global radiation (Fig. 6). Explicitly modelling side light, 
a procedure used in the present work, seems a better way to deal with side-lighting in 
Pgc measurements, although this is a very elaborate procedure. 
Identical Ps,max and e in the canopy. The simplification of identical photosynthetic 
characteristics for all leaves in the canopy seems acceptable. There appeared to be little 
variation in e between different C3-species, and PPFD and temperature conditions 
during growth did not influence e (Ehleringer and Pearcy, 1983). Hence, e is expected 
to vary little between leaves of different age and at different places in the canopy. A 
decrease in Pg,,™ with leafage or reduced Pg,max for leaves adapted to low PPFD, which 
has been reported frequently (e.g. Besford et al, 1990; Ludwig, 1974; Hurd and 
Sheard, 1981), has, in general, only limited influence on Pgc (Fig. 7). This is in 
agreement with Tchamitchian and Longuenesse (1991), who observed only at high 
PPFD an influence of the reduction of leaf photosynthesis proportional to leaf age on 
crop photosynthesis. Also Acock et al. (1978) concluded that a simple model, with 
uniform leaf photosynthesis and respiratory characteristics throughout the canopy, 
gave accurate predictions of tomato crop photosynthesis. 
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4.1. Transmission of solar radiation by a multispan 
Venlo-type glasshouse 
Heuvelink E, Batta LGG, Damen THJ. 1995. Transmission of solar radiation by a 
multispan Venlo-type glasshouse: validation of a model. Agricultural and Forest 
Meteorology 74: 41-59. 
Abstract 
Transmission of solar radiation by a multispan Venlo-type glasshouse was measured at 
a height of 0.5 m below the gutters, using four tube solarimeters inside the glasshouse, 
mounted on a 3.8 m pipe which described half a circle around its middle in a horizontal 
plane every 8 min and rotated in the opposite direction during the following 8 min. 
Radiation measurements were averaged over 2 min intervals, thus representing average 
radiation level for a sector. Total global radiation and fraction diffuse were measured 
outside. The measurements showed almost constant values of about 62% for transmis-
sivity on dull days (90-100% diffuse radiation), whereas average daily transmissivity 
for a sector ranged between 51 and 73% on those days. On clear days (when a large 
part of radiation is direct), transmissivity could increase from values below 40% in the 
early morning up to 70% around noon. 
Measurements were used to validate the glasshouse transmissivity model of Bot 
(1983), which predicts transmissivity for direct radiation based on solar position, 
glasshouse roof angle, dimensions of the roof construction parts, transmissivity of the 
glass panes and the orientation of the glasshouse. For diffuse radiation transmissivity 
was calculated by integrating the weighted transmission of direct radiation over the sky 
hemisphere. Using measured fraction diffuse, glasshouse transmissivity for the actual 
radiation condition was calculated. Both predicted level and dynamics of transmissivity 
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showed reasonable agreement with the measurements (clear and dull days in May and 
November). 
Introduction 
Short-wave solar radiation has two major influences on crop growth: Photosyntheti-
cally Active Radiation (light, 400-700 nm) is necessary for photosynthesis, which is the 
basic process for crop production, whereas the radiation energy is a main factor 
affecting crop transpiration (Jolliet, 1993). The productivity of most glasshouse crops 
is strongly influenced by the amount of radiation they receive, e.g. Cockshull et al. 
(1992) observed a proportionality between tomato yield and solar radiation receipt. 
Often light limits production in glasshouses, especially at high latitudes in winter 
(Cockshull, 1988). Light level inside a glasshouse is dependent on its location and on 
its transmissivity. The latter can be modified by the type of glasshouse, its construction 
and orientation. It is important to be able to predict glasshouse transmissivity, e.g. in 
the design of new glasshouses and when searching for the best glasshouse orientation 
(Baille et al, 1990; Cockshull et al, 1992). Furthermore, glasshouse transmissivity is 
difficult to measure, owing to spatial variation inside the glasshouse (Bot, 1983). 
Therefore, a model to predict glasshouse transmissivity is needed. 
Several computer models for glasshouse transmissivity have been developed 
[reviewed by Critten (1993)]. However, the validation of such models is crucial but 
difficult. Owing to the occurrence of sunlit and shaded regions in the glasshouse, it is 
very hard to perform instantaneous measurements of the transmissivity for direct light. 
Bot (1983) presented a model predicting glasshouse transmission of direct short-wave 
radiation based on solar position, the laws for light reflection and transmissivity of a 
single transparent sheet and the geometry of the glasshouse and its shading parts. His 
model has been used by several workers (Gijzen and Ten Cate, 1988; Nederhoff, 1988; 
Gijzen, 1992; Rijsdijk and Houter, 1993; Challa and Bakker, 1996). However, its 
validation is still limited to a few measurements of transmissivity for diffuse radiation 
under an overcast sky, because 'there is no adequate way to compare the results of the 
present model with experiments' (Bot, 1983). 
A multispan glasshouse may be considered as a repeating structure of spans and 
poles. Therefore it should be possible to measure transmissivity of one unit (smallest 
repeating part of a glasshouse, e.g. 3.2 m x 4 m (the span-width and distance between 
poles of a standard Venlo-type glasshouse), and extrapolate these measurements to the 
whole glasshouse. An accurate measurement of glasshouse transmissivity would be 
obtained by covering the complete area of one glasshouse unit with sensors, thus 
measuring radiation at every single point in the smallest repeating horizontal plane in 
the glasshouse. In this paper we use rotating tube solarimeters as an alternative to 
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Fig. 1. View on top of measuring device with four tube solarimeters mounted on a pipe which 
could rotate around its centre in a horizontal plane, used for glasshouse transmissivity meas-
urements. Detailed presentation of sectors (Numbers 1-8) described by the tube solarimeters. 
Values represent angles (degrees) and continuous lines represent pipe in starting position and 
halfway (173°). 
covering the whole area of one glasshouse unit with sensors. These rotating solarime-
ters cover almost the complete area of one glasshouse unit, thus approximating the 
ideal measurement, although not measuring at all positions at the same moment. 
The aim of our measurements is to validate the transmissivity model developed by 
Bot (1983). The fraction diffuse in global radiation is an input to Bot's (1983) model. 
As measured fraction diffuse will often not be available, we validated a procedure, 
presented by Gijzen (1992), to estimate fraction diffuse from total global radiation. 
Materials and methods 
Measurements 
Transmissivity measurements were conducted in November 1992 and May 1993 in a 
compartment (12 m x 12.8 m) of the multispan Venlo-type glasshouse of the Depart-
ment of Horticulture, Wageningen, The Netherlands (51.98°N, 5.70°E). The glass-
house has a roof slope of 21.8° to the horizontal and the orientation is approximately 
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Fig. 2. Position of the measuring device in the glasshouse compartment and the glasshouse area 
covered by the measuring device. Shaded areas represent ventilators. 
inside the glasshouse was measured with tube solarimeters (Delta-T Devices, Cam-
bridge, UK, Type TSL; Anonymous, 1990) with a sensor length of 0.86 m. One 
solarimeter was situated outside the glasshouse on the roof of a building, four others 
were mounted on a pipe rotating at a constant speed around its middle in a horizontal 
plane, driven by an electric motor. The device (Fig. 1) was situated in the glasshouse 
compartment in between a gutter and a ridge (Fig. 2), such that the horizontal plane in 
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which the sensors moved, was 0.5 m below the gutters of the glasshouse (2.75 m 
above soil level). This height was chosen, because it reflects the canopy height of 
producing fruit vegetables (e.g. tomato or cucumber) in such a glasshouse. When 
simulating crop growth, often light level at the top of the canopy is needed. 
The horizontal pipe rotated almost half a circle (173°) every 8 min and then turned 
back to its original position in the following 8 min (Fig. 1). Measurements were 
controlled and sampled every 0.2 s by a Hewlett-Packard (Palo Alto, CA) HP3852A 
data-logger. Samples were averaged about every 2 min and stored on disk. Each value 
thus represented a sample of radiation over a sector covered by the tube solarimeter. 
Fig. 1 presents an exact overview of the eight different sectors. It should be noted that 
rotation forward and backward were not exactly symmetric and therefore no two 
sectors are equal. The two solarimeters closest to the centre of the horizontal pipe 
sampled in one complete run an area of 2.80 m2, whereas the two outer solarimeters 
sampled an area of 8.00 m2. In the calculations of average transmissivity this ratio was 
taken into account as a weighting factor. 
The measurement system was calibrated outside the glasshouse under overcast sky 
conditions. Calibration factors of the solarimeters on the device were matched to a 
Kipp (Kipp and Sons, Delft, The Netherlands) solarimeter (least squares method). 
Only measurements on days without rain were used, except for 19 November 1992. 
Condensation on the inside of the glasshouse cover was minimised by high glasshouse 
temperature and by using a glasshouse without a crop. Glasshouse ventilators were 
closed between 09:30 and 13:30 h (solar time), as ventilator aperture was expected to 
influence glasshouse transmissivity. 
Sky condition was measured outside on the roof of a building with two dome 
solarimeters (Kipp and Sons; type CM11), one measuring total global radiation and 
one with a shade ring (type CM121) measuring the diffuse component of global 
radiation. Sampling, averaging and storage of data was as described before for the tube 
solarimeters. 
Unless stated otherwise, presented measurements are averages over 16 min, being a 
complete rotation (half a circle and back) of the measuring device. Time was averaged 
as well and these 16 min averages were available with a time-step of about 2 min 
(moving average). Transmissivity was calculated, based on the moving averages of 
outside global radiation measurement by the Kipp solarimeter and of the tube solarime-
ter measurements inside the glasshouse, weighted for the area they sampled. 
Simulation 
Glasshouse orientation, roof angle and dimensions of the glasshouse cover (e.g. width 
of gutters, size of glazing bars and ridges, distance between glazing bars) of the 
compartment of the multispan Venlo-type glasshouse of the Department of Horticul-
ture were input to Bot's (1983) model. Dimensions of additional parts such as heating 
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Table 1. Dimensions (m) of construction parts and input dimensions (m) in the glasshouse 
transmissivity model for a single span of the multispan Venlo-type glasshouse at the Depart-
ment of Horticulture, Wageningen, the Netherlands. Input dimensions are additions of con-
struction and additional parts*'''. 
Height of the ridge 
Lower half 
Upper half 
Width of the ridge 
At lower side 
At upper side 
Height of the gutter 
Lower half 
Upper half 
Width of the gutter 
At lower side 
At upper side 
Height of a glazing bar 
Width of a glazing bar 
Distance between glazing bars 
Span width 
Height of a bead 
Width of a bead 

































* The following items were added to the dimensions of the gutter: one cable tray (0.070 m x 
0.059 m): one support system for the heating pipes (0.050 m x 0.050 m); two heating pipes 
(diameter 0.051); two irrigation tubes (diameter 0.032 m) 
b
 The following items were added to the dimensions of the bead: one framed cross-tie (trellis) 
(2 x 0.051 m x 0.029 m); one shading screen in open position (0.019 m x 0.100 m); one 
opening mechanism for shading screen (diameter 0.051 m); mechanical parts for opening the 
ventilators (diameter 0.032 m). 
pipes and irrigation tubes, not present in the model, were added to the construction 
parts (Table 1). Transmissivity for diffuse radiation of a glass pane was 82% (measured 
by J. A. Stoffers, 1MAG-DLO, Wageningen; glass thickness 4.0 mm). This was input to 
the model as a glass refraction index of 1.5 and a power absorption coefficient of 
8 m"1. With this model, two tables (one for the construction, one for the cladding 
material) with direct radiation transmissivities for various solar positions (eight eleva-
tion layers and for each layer nine azimuth values) were calculated. For any exact sun 
position, the transmissivity for direct light was simulated by interpolating actual 
elevation and actual difference between sun and glasshouse azimuth. The transmission 
of diffuse radiation was calculated by integrating the weighted transmissivity for direct 
radiation over the whole sky hemisphere, assuming a Standard Overcast Sky (SOC: 
Grace, 1971). Using measured fraction diffuse, calculated from the moving averages of 
radiation measurements mentioned above, glasshouse transmissivity for the actual 
radiation condition was calculated. 
Measured fraction diffuse was compared with simulated values, based on measured 
instantaneous global radiation (I), calculated global radiation outside the atmosphere 
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(extra-terrestrial; Iex) and the sine of solar elevation as described by Gijzen (1992) for 
the model ASKAM. The procedure is based on a regression equation relating fraction 
diffuse in hourly global radiation to atmospheric transmissivity (I/I«) at De Bilt, The 
Netherlands. This regression equation was the same as presented by Spitters et al. 
(1986b), except for the calculation of the lowest fraction diffuse. The relation is based 
on the notion that when less radiation is received at the surface of the Earth compared 
with what could have been measured when no atmosphere was present, radiation is 
more scattered and intercepted by air, ozone, water vapour, clouds and aerosols, and 
consequently is more diffused (Gijzen, 1992). When radiation data of shorter time 
intervals are used, another regression equation should be used. However, Gijzen 
(1992) reported that the regression equation on hourly basis differed only slightly from 
the equation for the fraction diffuse in radiation data at 10 min intervals. The moving 
averages of time and outside global radiation mentioned above, were therefore used 
as input for the simulation of fraction diffuse. 
Results 
Global radiation measurements outside the glasshouse 
In cloudy weather, no significant differences between outside global radiation meas-
urements by a tube solarimeter and a Kipp solarimeter were found (Fig. 3). This agreed 
with observations of Szeicz etal. (1964), who reported a constant sensitivity for a tube 
solarimeter on dull days. On clear days, the tube solarimeter showed the lowest 
sensitivity around noon (Fig. 3). Szeicz et al. (1964) observed the same for a tube 
solarimeter pointing north-south, just as our tube solarimeter. This difference in 
sensitivity may be attributed to increased reflection from the outer surface of the glass 
with increased angle of incidence (Szeicz et al., 1964). Therefore a comparison of 
output from the tube solarimeter outside with the rotating tubes on the measuring 
device will result in erroneous values for transmissivity. As a Kipp solarimeter is 
constructed to have the same sensitivity to radiation from every angle, these measure-
ments were used for calculating glasshouse transmissivity. This was allowed as no 
differences in dynamics (response time) between the tube and Kipp solarimeter were 
observed (not shown), probably because we used moving averages over a rather long 
period (16 min). 
Variation in tube solarimeter signals with azimuth and solar elevation may influence 
transmission measurements, as rotation of the tubes on the measuring device does 
compensate only for the azimuthal effect. Using the measuring device in the open on a 
cloudy (29 May 1993) and a clear day (1 June 1993), resulted in a daily average 
'transmissivity' of 99 - 102% for the eight different sectors (positions). Ideally this 
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Fig. 3. Sensitivity of tube solarimeter (ratio between output of tube and Kipp solarimeter, 
average values over 2 min intervals), after calibration of tube to Kipp solarimeter by least-
squares method on a dull day) on two dull days [16 November (A) and 2 May (B)] and two 
bright days [18 November (C) and 17 May (D)]. 
on sensor output. Measured daily course of 'transmissivity' in the open for these two 
days is shown in Fig. 4. A maximum deviation of 5% was observed. Larger deviations 
were observed on 29 May between 08:00 and 10:00 h, but these values are not very 
reliable, because of low irradiance. At a glasshouse transmissivity of 60%, measure-
ments might thus result in a maximum of 3% higher or lower transmissivity, owing to 
variation in tube solarimeter signals with solar elevation. For individual sector posi-
tions, maximum deviation in solarimeter output was 10%. However, most of the time 
this deviation was below 5%. 
Horizontal radiation profile in the glasshouse 
Radiation level inside a glasshouse is often measured at one position only, usually 
using a single-point sensor (e.g. Edwards, 1963; Baille et al, 1990; Lieth and Pasian, 
1991; Cockshull et al., 1992). Therefore it is interesting to test, whether the implicit 
assumption made by several workers, that such a single point measurement is represen-
tative for the whole glasshouse is valid, at least under diffuse radiation conditions. For 
overcast sky conditions, measurements of average daily glasshouse transmissivity for 
the four tube solarimeters on the horizontal pipe individually, are presented in Fig. 5. It 
is clear that the spatial radiation distribution is very heterogeneous, even for overcast 
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Fig. 4. Diurnal course of measured fraction diffuse of global radiation ( ) and measured 
'transmissivity' ( ) in the open, on (A) a cloudy day (29 May 1993) and (B) a clear day 
(1 June 1993). 
(sector; Fig. 1) in the glasshouse, the average daily transmissivity varied between 51 
and 73% (Fig. 5). Positional differences are not only the reflection of spatial variability 
in radiance level inside the glasshouse, but also result from variation in tube solarimeter 
signals with solar elevation and azimuth. However, the latter effect was shown to be 
about 1% only (see above). Average transmissivity values for each solarimeter over its 
eight positions were 62%, except for Sensor 2, where this was 69% (Fig. 5). 
Validation of the transmissivity model 
Average transmissivity for diffuse radiation was 63% in November and 60% in May. 
The model estimate was 62%, which is in good agreement with the measurements. 
Diurnal course of outside global radiation, outside diffuse radiation as a percentage 
of total radiation (fraction diffuse) and measured and simulated glasshouse transmis-
sivity are presented for four days in November 1992 (Fig. 6) and May 1993 (Fig. 7). 
Both the level and the dynamics of measured and simulated transmissivity showed 
reasonable agreement, although in November the general level was slightly under-

















Position of sensor 
Fig. 5. Measured mean (averaged over time) daily transmissivity of the glasshouse for four 
individual tube solarimeters (Sensors 1 and 2 closest to the centre of the pipe), mounted on a 
pipe and rotating in a horizontal plane on a dull day (16 November 1992). Positions are 
sectors, as the pipe described almost half a circle every 8 min and individual measurements are 
averaged over 2 min intervals. Transmissivity values for each of the four sensors, averaged 
over time and over the eight positions of a sensor are also given (Aver.). 
day (e.g. 16 November) yielded a rather constant transmissivity of about 63%, 
whereas on a bright day (e.g. 17 May) transmissivity increased from less than 40% in 
the early morning to 62% around noon. The sudden increase in simulated transmissiv-
ity at 09:35 h and 10:50 h on 18 November and the sudden decrease at 09:15 h, 
09:50 h and 10:30 h on 19 November corroborates the measurements (Fig. 6). It was 
the result of a sudden increase or decrease in fraction diffuse, respectively (Fig. 6). In 
November (low solar elevation), transmission for diffuse radiation is much higher than 
for direct radiation (Gijzen, 1992). In May (Fig. 7) abrupt changes of the diffuse 
radiation fraction (e.g. 17 May at 15:15 h) did not result in sharp changes in measured 
and simulated transmission. This could be explained, as in May (high solar elevation 
during a large part of the day) differences in transmissivity for diffuse and direct 
radiation are only small (Gijzen, 1992). As 19 November was a rainy day, this resulted 
in a somewhat larger under-estimation of transmissivity compared with the other days 
in November, but measured and simulated dynamics were still in good agreement. The 
sudden decrease in radiation on 9 May at 15:00 h resulted from heavy showers 
(thunder and lightning). 
Simulated transmissivity largely under-estimated measurements on 18 November in 
the early morning hours, whereas under almost the same conditions on 20 November 
simulation and measurement showed good agreement (Fig. 6). This discrepancy is 
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Fig. 6. Diurnal course of measured global radiation outside the glasshouse ( ), measured 
fraction diffuse of global radiation ( ), measured ( ) and simulated ( ) glasshouse 
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Fig. 7. Diurnal course of measured global radiation outside the glasshouse (-
fraction diffuse of global radiation ( ), measured ( ) and simulated (•• 





mainly caused by a higher measured transmissivity on 18 November, perhaps as a 
result of observed condensation on the glasshouse roof on 18 November in the early 
morning hours. 
Validation of the model predicting the fraction diffuse in solar radiation 
Both in November and May the dynamics of measured and simulated fraction diffuse 
showed good agreement (Fig. 8). In November predicted level of fraction diffuse was 
almost equal to measured fraction (Fig. 8). However, at a low fraction diffuse 
(< 40%), which occurred in May, Gijzen's (1992) model over-estimated this fraction 
by 15-30% (Fig. 8). If simulated instead of measured fraction diffuse was input to 
Bot's (1983) model, in most cases simulated transmissivity hardly changed (Fig. 9). 
However, in the early morning simulated transmissivity became higher, as simulated 
fraction diffuse exceeded measured fraction (Fig. 8). On clear days in May the largest 
discrepancies between measured and simulated fraction diffuse were observed (Fig. 8), 
but the largest influence on simulated transmissivity was observed in November (Fig. 
9), especially in the early morning hours on clear days. 
Discussion 
Measuring device 
We are not aware of any reports in literature on extensive validation of glasshouse 
transmissivity models under conditions of both diffuse and direct radiation. The 
absence of such reports results from the difficulty to conduct representative radiation 
measurements inside a glasshouse. We used rotating tube solarimeters as an alternative 
for covering the smallest repeating horizontal plane in a multispan glasshouse with 
sensors (see Introduction). This has two disadvantages compared with the ideal 
measurement: (1) the area covered by the tube solarimeters is not exactly equal to one 
unit; (2) all positions in one unit are not measured at the same time (in our 
experiment measuring all positions took about 16 min). Our device sampled an 
area of 10.8 m2, whereas a unit was 12.8 m2 (Fig. 2). This discrepancy only has 
important consequences if the transmissivity for the 2 m2 not measured differs 
largely from the 10.8 m2 covered by the measuring device, which is very unlikely. The 
second disadvantage is unimportant under rather constant light conditions, i.e. either 
overcast or clear skies. Only when radiation levels fluctuate greatly it might influence 
measured transmissivity. However, as instantaneous measurements always took place 
over a length of 3.4 m (4 x 0.86 m), the effects of not measuring all positions at the 
same time are estimated to be small for average transmissivity over periods larger than 
10-15 min. Exact instantaneous measurements of glasshouse transmissivity are, 
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Fig. 8. Diurnal course of measured ( ) and simulated ( ) fraction diffuse of global 
radiation on 16 November (A), 18 November (B), 19 November (C) and 20 November 1992 
(D), and on 2 May (E), 4 May (F), 9 May (G) and 17 May 1993 (H). 
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Fig. 9. Diurnal course of simulated glasshouse transmissivity, based on measured ( ) and 
simulated ( ) fraction diffuse of global radiation on 16 November (A), 18 November (B), 
19 November (C) and 20 November 1992 (D), and on 2 May (E), 4 May (F), 9 May (G) and 
17 May 1993 (H). 
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tube solarimeter signals with azimuth and solar elevation as discussed before. 
The principle of a tube solarimeter is based on the temperature difference between 
black and white areas receiving the same amount of radiation (Szeicz et al., 1964). 
Thus air temperature and wind speed may influence the measurements. As Szeicz et al. 
(1964) did not mention such influences and as Delta-t Devices could not provide 
values for temperature sensitivity of their tube solarimeters, possible influences of 
temperature and wind speed were assumed to be negligible. 
Despite the shortcomings mentioned above, we feel that our device contributes to 
solving the problem 'to find a method of measuring the light-transmitting capability of 
any established greenhouse under general radiance conditions, without the need to wait 
for overcast skies' (Critten, 1993). 
Horizontal radiation profile in the glasshouse 
Light distribution will be more uniform on dull days than on bright days (sunlit and 
shaded areas). Therefore it was unexpected to find such a large heterogeneity in spatial 
radiation distribution inside the glasshouse for overcast skies (Fig. 5). On dull days, 
Edwards and Moulsley (1958) measured an almost uniform light distribution across 
their glasshouse. However, our measurements were conducted at a level of 0.5 m 
below the gutters (2.75 m above soil level), whereas Edwards and Moulsley (1958) 
measured at a height of 0.15-0.30 m above the level of the soil in the glasshouse. 
Position effects, even on dull days, are the result of construction parts (mainly the 
gutters), covering part of the hemisphere over the sensor. This is more important the 
smaller the distance between sensor and glasshouse roof and will thus be emphasised 
by a high position of the sensor. However, for many crops (e.g. tomato, cucumber, 
sweet pepper and several cut flowers), measurements rather high in the glasshouse are 
more relevant than measurements at soil level, as crop canopy usually is 1.5-2.5 m 
above soil level. Of course, the distance from the gutters then depends on the height of 
the glasshouse. In modern glasshouses gutters can be as high as 4 m above soil level. 
In that case diffuse radiance distribution at crop level will be more uniform than in our 
measurements. For experiments in which light may be an important environmental 
factor, single point radiation measurements in glasshouses at a level close to the height 
of the gutters should be rejected, as our data show that even for diffuse radiation large 
heterogeneity inside the glasshouse exists. It should be noticed, that our positions are 
sectors described by tube solarimeters, thus heterogeneity is expected to be even larger 
when real single point measurements are compared. The importance of the variability 
in irradiance inside the glasshouse for crop production depends on radiation level and 
crop characteristics (photosynthesis parameters, light extinction coefficient, leaf area 
index). However, regarding the observed variation of about ±19% in light level (Fig. 5; 
glasshouse transmissivity between 51 and 73%) the crop photosynthesis-light response 
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curve will be (almost) linear over such a small range of light levels (Chapter 4.3). 
Therefore variability in irradiance inside the glasshouse is expected to have hardly 
any influence on total crop productivity. 
The higher transmissivity measured by Sensor 2 compared with the three other sen-
sors (Fig. 5) is likely to result from a smaller part of the hemisphere of Sensor 2 being 
covered by construction parts. 
Validation of the transmissivity model 
Both level and dynamics of glasshouse transmissivity for radiation agreed reasonably 
well between measurements and simulation. The small under-estimation of transmis-
sivity in November and the small over-estimation in May might be explained by differ-
ences in dirtiness of the glass panes. Transmissivity for diffuse radiation was reduced 
from 63% in November to 60% in May. In November, just before we started our 
measurements, the glasshouse cover had been cleaned. It is likely that between No-
vember and May deposition of dirt on the glass reduced transmissivity by a few percent 
(G.P.A. Van Holsteijn, pers. comm., 1993). Observed small discrepancies between 
measured and simulated transmissivity in the early morning and (late) afternoon may 
partly result from inaccurate measurements at low irradiance. Another possible reason 
is the opening of the ventilators (closed between 9:30 h and 13:30 h), which is not 
taken into account in the model. This will certainly influence measured transmissivity, 
as the angle between radiation beam and glass pane is changed (influence on reflec-
tion), the number of shadow producing parts is increased and part of the radiation can 
enter the glasshouse without transmission through glass. 
Validation of the model predicting the fraction diffuse in solar radiation 
Except for bright days in May, the regression equation used to estimate fraction diffuse 
(based on hourly radiation data) had a high predictive value. The large over-estimation 
of fraction diffuse for clear sky conditions in May (Fig. 8), is mainly the result of not 
taking into account 'sunshine hours' in the model. For example, when a constant 
irradiance level exists for 1 h, resulting in an atmospheric transmission of 0.6, this 
means a fraction diffuse of 0.4 (Spitters et al, 1986b, Fig. 1). When this hour consists 
of two half-hour periods with an atmospheric transmission of 0.4 and 0.8, fraction 
diffuse would be 0.8 and 0.2, respectively (Spitters et ah, 1986b, Fig. 1). Considering a 
1 h period, the latter situation results in a higher fraction diffuse (0.48) at the same 
atmospheric transmission. 
Although Gijzen's (1992) model largely over-estimated fraction diffuse for clear sky 
conditions in May, simulated transmissivity based on simulated fraction diffuse differed 
in most cases not more than 2% from simulated transmissivity based on measured 
fraction diffuse (Fig. 9). The largest differences were observed in the early morning of 
clear November days (Fig. 9). This was caused by the larger difference in transmissiv-
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ity for diffuse and direct radiation in November compared with May, owing to a lower 
solar elevation (Gijzen, 1992). As radiation level is very low at those times (Fig. 6), 
using simulated fraction diffuse as input in Bot's (1983) transmissivity model will still 
result in an accurate estimate of total daily light integral inside the glasshouse. How-
ever, instantaneous radiation levels are largely over-estimated in this case. 
Conclusions 
The model of Bot (1983) was able to simulate glasshouse transmission of short-wave 
radiation reasonably well, based on solar position, the laws for light reflection and 
transmissivity of a single transparent sheet and the geometry of the glasshouse and its 
shading parts. However, model validation was somewhat hampered by uncertainties in 
the measurements, caused by the use of tube solarimeters. Besides, there are still some 
problems, which limit the use of this model in glasshouse climate control to a certain 
extent. The model needs fraction diffuse as an input and it does not take into account 
the aperture of the ventilators, which may influence transmissivity strongly under 
certain conditions. Also dirt deposition and condensation of water vapour on the inner 
side of the roof influences transmissivity and is not taken into account in the model. 
Despite these shortcomings, the model is valuable. As Bot's (1983) model showed 
reasonable agreement between measured and simulated glasshouse transmissivity under 
conditions of both diffuse and direct radiation, it can be used to calculate the transmis-
sivity of Venlo-type glasshouses by measuring the sizes and distances of their con-
structive parts, orientation, roof angle and transmissivity of a glass pane. Elaborate 
measurements on transmissivity for every single glasshouse separately are no longer 
necessary. A further step would be to extend the model to other types of greenhouses. 
In particular greenhouses with plastic covers would be of interest, as a large part of the 
world's protected cultivation is under plastic. 
The promising results of the present validation of Bot's (1983) transmissivity model 
make this model a powerful tool in the simulation of crop production in glasshouses 
and glasshouse climate control, as usually no reliable inside-glasshouse radiance 
measurements are available, whereas outside global radiation measurements are. 
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Heuvelink E. 1995. Dry matter production in a tomato crop: measurements and 
simulation. Annals of Botany 75: 369-379. 
Abstract 
Simulation of dry matter production by the explanatory greenhouse crop growth model 
SUKAM (Gijzen, 1992), based on SUCROS87 (Spitters et al., 1989), was validated 
for tomato. In the model, assimilation rates are calculated separately for shaded and 
sunlit leaf area at different cumulative leaf area in the canopy, taking into account the 
different interception of direct and diffuse components of light. Daily crop gross 
assimilation rate (Pg<i) is computed by integration of these rates over total crop leaf 
area and over the day. Leaf photochemical efficiency and potential gross assimilation 
rate at saturating light depend on temperature and CO2 concentration and are 
approximated as being identical in the whole canopy. Crop growth results from Pgi 
minus maintenance respiration rate (R„; dependent on temperature and crop dry 
weight), multiplied by the conversion efficiency (carbohydrates to structural dry 
matter; Cf). 
Growth experiments (periodic destructive harvests) with different planting dates 
and plant densities and two data-sets from commercially grown crops, were used for 
model validation. Hourly averages for global radiation outside the greenhouse, 
greenhouse temperature and C02 concentration, together with measured leaf area 
index, dry matter distribution (for calculation of Cf) and organ dry weights (for 
calculation of Rm) were the inputs to the model. 
Dry matter production (both level and dynamic behaviour) was simulated 
reasonably well for most experiments, but final dry matter production was under-
estimated by about 27% for the commercially grown crops. At low irradiance and with 
large crop dry weight, growth rate was under-estimated, probably as a result of over-
estimation of Rn,. This could almost completely explain the large under-estimation for 
the commercially grown crops, which had large dry weight. Final dry matter 
production was over-estimated by 7-11% if daily averages instead of hourly input of 
climatic data were used. 
It is concluded that SUKAM is a reliable model for simulating dry matter 
production in a tomato crop, except for those situations where Rm has a large influence 
on crop growth rate (low irradiance and large crop dry weight). An improved estimate 
of Rm would take into account the influence of metabolic activity. A preliminary 
attempt to relate maintenance costs to relative growth rate (a measure for metabolic 




Crop growth models are becoming increasingly important and they have a wide range 
of potential applications for greenhouse cultivation, e.g. research, planning and climate 
control (Challa, 1985, 1990; Jones etal, 1991; Seginer, 1993). Before a model can be 
used, it has to be validated. Greenhouse crops, grown in defined and well-controlled 
environments compared with field crops, are particularly suitable for the initial testing 
of crop growth models. They provide for the testing of model and model development 
in a much more rigorous way than is generally possible with field crops. For 
explanatory models (crop simulators; Acock and Reynolds, 1989), validation should 
take place at the different levels of the model (modules), to exclude the possibility that 
several errors in the model would compensate each other. Independent data, not used 
in model development, should be used in model validation (Van Keulen, 1975; McCarl, 
1984). However, often models are validated on (partly) the same data as those used for 
model development (e.g. Jones et al, 1991; Lieth and Pasian, 1991) or validated for a 
very limited range of conditions only (Kano and Van Bavel, 1988; Bertin and Gary, 
1993a). Such validations do not allow for conclusions on the general validity of a 
model. 
TOMSIM is an explanatory model with a modular structure, which simulates 
tomato crop growth and development (Chapter 4.3). Dry matter production in 
TOMSIM is predicted by a general explanatory growth model for greenhouse crops 
(SUKAM; Gijzen, 1992), which is based on SUCROS87 (Spitters et al, 1989). 
SUCROS87 and its predecessor BACROS have been validated extensively for several 
field crops (e.g. De Wit et al, 1978). However, there are some important differences 
between the prediction of dry matter production in field crops and greenhouse crops. 
Light intensity inside a greenhouse is smaller than in the field and has to be predicted 
from radiation measured outside. In the open field, C02 concentration will be more or 
less constant during the day, whereas in greenhouses CO2 concentration may show a 
strong diurnal course (Nederhoff et al, 1989; Alscher, 1993). Therefore, using daily 
averages as input to the model (as in SUCROS87) may result in a systematic over-
estimation of crop growth rate, because photosynthesis shows a saturation-type 
response with light intensity and usually the lowest CO2 concentrations and the highest 
light intensities during the day coincide (Chapter 4.3). Another important difference is 
the (almost) year-round cultivation in greenhouses, which results, in contrast to annual 
field crops, in high biomass at low light conditions. Finally, model parameters may be 
(partly) species or even cultivar dependent (Spitters et al, 1989). 
In the present paper, the dry matter production module in TOMSIM is validated, 
with emphasis on the specific problems of simulating dry matter production of 
greenhouse crops. A limited validation of dry matter production in TOMSIM is 
presented in Chapter 4.3, but there we concentrated on sensitivity analysis and the 
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comparison between TOMSIM and another tomato simulator (TOMGRO, Jones et al, 
1991). Moreover, out of the four validation experiments presented in Chapter 4.3, one 
showed under-estimation of dry matter production by about 35%, whereas the others 
showed reasonable agreement between measurements and simulation. This made it 
difficult to draw conclusions about the general validity of the model. 
In the present work, experiments studying the growth of tomato at different 
planting dates (season) and plant density and two data-sets from commercially grown 
crops (Rijsdijk et al, 1993) are used for model validation. The latter are especially 
important as one crop covers a whole growing season, resulting in tall, old plants, 
whereas the experiments lasted only for about 100 days after planting. Emphasis is on 
validation of simulated crop growth rate as influenced by natural light intensity 
(different planting dates) and leaf area index (increase during crop growth, different 
plant densities). As the present validation concerns dry matter production, measured 
dry matter distribution and leaf area index are used as input to the model. 
As mentioned before, high biomass at low light conditions is an important difference 
between greenhouse crops and field crops. Under such conditions growth rate is small 
and strongly dependent on maintenance respiration rate, as this rate is large compared 
with gross assimilation rate. Specific maintenance respiration rate is reported to 
increase with crop growth rate (Penning de Vries, 1975; McCree, 1982), probably as a 
result of increased rates of protein turnover and ion fluxes with increased metabolic 
rate (Amthor, 1989). As such an effect is not modelled in TOMSIM, discrepancies 
between measured and simulated crop growth rates under conditions where 
maintenance costs are an important determinant of crop growth, may occur. Therefore, 
based on one tomato crop grown in winter, a preliminary attempt is made to relate 
maintenance costs to relative growth rate (a measure for metabolic activity). This 
relation was validated for the other experiments and the commercially grown crops. 
Model description 
SUKAM 
Dry matter production in SUKAM (Gijzen, 1992) is based on SUCROS87 (Spitters et 
al, 1989). The potential growth of a crop is simulated, i.e. its dry matter accumulation 
under ample supply of water and nutrients in a pest, disease and weed-free 
environment under the prevailing greenhouse climatic conditions. Daily dry matter 
production is calculated according to: 
dW/dt = Cf (Pgd-Rm) [1] 
in which dW/dt is the crop growth rate (g m"2 d"1), Cf the conversion efficiency from 
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assimilates to dry matter, Pgd the crop gross assimilation rate per unit ground area 
(g CH20 m'2 d') and Rm the maintenance respiration rate (g CH20 m"2 d"1). 
Pgd depends on light absorption by the canopy, mainly determined by the incoming 
radiation and the crop leaf area. Incoming radiation is calculated from global radiation 
outside according to the model of Bot (1983), which has been validated in Chapter 4.1. 
This model predicts transmissivity for direct radiation based on solar position, 
greenhouse roof angle, dimensions of the roof construction parts, transmissivity of the 
glass panes and the orientation of the greenhouse. From the photosynthetic 
characteristics of single leaves, which are approximated as being identical for all leaves 
in the canopy, and the radiation profile, instantaneous rates and daily total amount of 
C02 assimilation are calculated. Simulation of instantaneous gross C02 assimilation in 
SUKAM follows ASKAM (Gijzen, 1992). Ground reflectance was taken into account 
as described by Gijzen (1992). 
Rm of the crop is calculated from the weights of the plant parts (leaves, stem, fruits 
and roots) multiplied by their specific maintenance coefficients, which depend on 
temperature only. Assimilate requirements are calculated for all plant parts separately 
and result in a conversion efficiency of assimilates to dry matter (Cf) according to 
Spitters et al. (1989). 
Parameter values are given in Table 1 and are the same as those used for TOMSIM 
in Chapter 4.3. 
Modelling Rm in dependence of relative growth rate (adjusted model) 
As will be seen later, eqn [1] gave reasonably good predictions, however it tends to 
under-estimate the crop growth rate when the dry weight is high and/or the irradiance 
is small, i.e. when the relative growth rate (RGR) is low. Hence an adjusted form of 
the model is proposed in which the maintenance respiration is reduced in periods of 
lower relative crop growth rates. A constant value for Rm in eqn [1], is replaced by a 
function which approximates to a constant when RGR is large but tends to zero when 
RGR tends to zero. Eqn [2] was used to describe this saturation-type response of Rm 
to relative growth rate: 
dW/dt = Cf [Pgd- Rm (1-e-f * RGR)] [2] 
in which dW/dt is the crop growth rate (g m'2 d"1), Cf the conversion efficiency 
(assimilates to dry matter), Pgd the crop gross assimilation rate (g CH20 m"2 d'1), R„ 
the maximum maintenance respiration rate (g CH20 m"2 d'1), f a regression parameter 
and RGR is relative growth rate of the crop averaged over a preceding period of 
five days. If the period from start of the simulation was less than five days, RGR was 
averaged over the actual period. A mean RGR was obtained, as maintenance respiration 
rate is likely to adapt to average metabolic activity, rather than to its instantaneous 
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Table 1. Parameters used in TOMSIM and their numerical values, if constant (DM 
matter). 
dry 
Parameter Meaning Value Unit 
E0 Leaf photochemical efficiency in absence of oxygen 0.084 mol CO2 mol"1 photon 
Pg.msx Leaf photosynthesis rate at light-saturation, 29.3 umol C 0 2 m"2 s"1 
20°C and 350 umol mol"1 C 0 2 
r carbon dioxide compensation concentration 
k extinction coefficient for diffuse radiation 
a scattering coefficient of individual leaves 
MAINTk maintenance respiration for leaves at 25°C 
MAINTst maintenance respiration for stem at 25°C 
MAINT,, maintenance respiration for roots at 25°C 
MAINTE maintenance respiration for fruits at 25°C 
Qio.c Qio-value for temperature effect on 
maintenance respiration 
ASRiv assimilate requirements for formation of leaf DM 
ASRst assimilate requirements for formation of stem DM 
ASPvt assimilate requirements for formation of root DM 
ASRfr assimilate requirements for formation of fruit DM 
Q10.1 Q1 o-value for temperature effect on leaf dark 
respiration 
Rd,2o leaf dark respiration rate a t 20°C 
rb leaf boundary layer resistance to H 2 0 diffusion 
rs leaf stomatal resistance to H 2 0 diffusion 
rm mesophyll resistance to C 0 2 t ransport 
x
 This value assumes a spherical leaf angle distribution. 
value (De Wit et al, 1978). Using a period of five days is rather arbitrary. However, 
preliminary simulations showed that using a period of three, five or ten days gave only 
marginal differences (< 0.5%) in simulated final dry matter production. Rm equals R„, in 
eqn [1] and thus depends on temperature and specific maintenance coefficients and dry 
weights of the different plant parts. 
Parameter f was estimated by minimising the sum of squares of the residuals 
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Materials and methods 
Experiments 1 to 14 
Experiments were conducted in 12 m x 12.8 m compartments of a multispan Venlo-
type glasshouse in Wageningen, The Netherlands (51.98°N, 5.70°E). Basic information 
on the experiments is given in Table 2 and Table 3 and a detailed description of 
Experiments 1 to 12 is given in Chapter 2. In all experiments round tomato cultivar 
Lycopersicon esculentum 'Counter' (De Ruiter Seeds, Bleiswijk, The Netherlands) 
was used. Plants were grown in soil at a plant density of 2.1 m'2 (16 rows of 16 plants, 
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were 2.6 and 2.3 plants m'2 for Nursery I and Nursery II, respectively. From May 
onwards, on each fourth plants, a side-shoot was retained, increasing shoot density by 
25%. Harvesting commenced in March and was continued until November. Fresh 
weight of harvested fruits and picked leaves was recorded weekly. Once a month dry 
matter content of harvested fruits was determined on a sample of ten fruits. Total dry 
matter production was calculated from monthly destructive plant measurements 
increased by the calculated dry weight of harvested fruits and of picked leaves. The 
latter was calculated from the measured fresh weight of picked leaves and the average 
dry matter content of leaves observed in the monthly destructive measurements. 
Model validation 
The procedure described in Chapter 4.3 was followed, except that, for climatic data, 
hourly averages instead of daily values were used. Hourly averages for measured 
global radiation outside the greenhouse, greenhouse temperature and C02 
concentration were input to the model. The over-estimation of crop growth, which 
would result from the use of daily averages (see Introduction) was quantified for 
Experiments 2 to 12. In that case, measured daily global radiation outside, greenhouse 
temperature averaged over 24 h periods and CO2 concentration between 10:00 and 
16:00 h were input to the model. For Experiment 1 no hourly data were available and 
daily average climatic data were used. For Experiments 2 and 8, which were conducted 
in two greenhouse compartments, greenhouse climatic data were averaged, as 
differences were small. The average difference in 24 h temperature was 0.2°C 
(maximum 0.4°C), whereas the average difference in daily CO2 concentration was 1% 
(maximum 6%). 
For the commercial greenhouses, no measurements of the dimensions of the roof 
construction parts were available. Therefore, the greenhouse used for the experiments 
at Wageningen was used as a reference for simulating greenhouse transmission. For the 
latter measured and simulated greenhouse transmissivity for diffuse radiation was 0.62 
(Chapter 4.1). Instantaneous transmission for the commercial greenhouses was 
calculated as the simulated instantaneous transmission of the greenhouse at 
Wageningen multiplied by the measured commercial greenhouse transmission for 
diffuse radiation divided by 0.62. 
For each experiment and for both commercially grown crops, a cubic spline 
function, fitted to the observed values of LAI, was used in predicting the canopy 
assimilation. In the calculation of R„„ based on the specific maintenance coefficients of 
the plant parts, cubic spline functions fitted to the measured weights were used for the 
dry weights of leaves, stem and fruits, and simulated values for those of roots. The dry 
matter distribution between leaves, stem and fruits was calculated from the destructive 
measurements and input to the model to calculate Cf. The fraction of dry matter 
allocated to the roots was set to 13% at planting (measured for plants grown in 
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Table 3. Averages of the daily global radiation outside the greenhouse, 24 h average 
temperature, average C02 concentration between 10:00 and 16:00 h, leaf area index (LAI) and 
total crop dry weight present (TDW) for Experiments 11 to 14. Period refers to days after 
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expanded clay; Heuvelink, 1989) and 4% from first fruit harvest onwards (Khan and 
Sagar, 1969); in between, this fraction was estimated by linear interpolation. The 
ground reflection coefficient was assumed to be 0.15 for the experiments (bare dark 
soil; Rosenberg etal., 1983) and 0.5 for the commercially grown crops, as in the latter 
soil was covered with white plastic sheet. These values are not very accurate and 
probably are not constant during the growing season. However, Gijzen (1992) showed 




Table 4. Averages of the daily global radiation outside the greenhouse, 24 h average 
temperature, average C02 concentration between 10:00 and 16:00 h, leaf area index (LAI) and 
total crop dry weight present (TDW) for two commercially grown crops. Period refers to day 





























































Climatic conditions and crop characteristics 
Average values of the climatic conditions in the validation experiments, of the LAI and 
of the crop dry weight are shown in Table 2 and Table 3. For the commercially grown 
crops, these values are shown in Table 4. The largest daily global radiation was 
reached in Experiments 3, 4, 5, 6 and 14 (14 - 18 MJ m"2 d"1), whereas the smallest 
occurred in Experiments 10, 11 and 12 (3 - 8 MJ m"2 d"1). Average temperature was 
between 18.2 and 23.2°C in all experiments, the warmest was Experiment 6, whereas 
in Experiments 11 and 12 average temperature was below 18.5°C. Daily CO2 
concentration was between 290 and 360 umol mol"1, except for Experiments 1, 11 
and 12, where this value was higher (about 380 umol mol"1). LAI in the last period was 
between 2.5 and 3.2 in all experiments, except for Experiments 1 and 14 (highest plant 
densities), where LAI exceeded 3.5. Crop dry weight in the last period was between 
320 and 560 g m"2, except for Experiment 14 where crop dry weight was 610 and 729 
g m"2 at a within-row plant distance of 0.43 and 0.26 m, respectively. For the two 
commercially grown crops, average temperatures were very similar, and not different 
from the experiments. Except for the first period, CO2 concentration was about 80 
Umol mol"1 higher for Nursery I than for Nursery II. Commercially grown crops were, 
in the second and third period, much heavier than crops in Experiments 1 to 13. CO2 
concentrations achieved at both commercial nurseries were much higher than those in 
the experiments, as a result of CO2 enrichment. At Nursery I, LAI and crop dry 
weight were higher than at Nursery II, during most of the cultivation period. 
Model validation 
In general, measured and simulated dry matter production in the experiments showed 
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280 340 420 
Day of year Day of year 
Fig. 1. Measured (•,(),•) and simulated [standard model, ( ); adjusted model, ( )] dry 
matter production: (A) Experiment 1 (•), Experiment 2 (O) and Experiment 5 (•), (B) 
Experiment 3 (•), Experiment 4 (o) and Experiment 6 (•), (C) Experiment 8 (•), Experiment 
9 (O) and Experiment 10 (•) and (D) Experiment 7 (•), Experiment 11 (o) and 
Experiment 12 (•). 
good agreement (Figs. 1 and 2). Large differences in crop growth rate were observed 
and simulated between winter and summer. These seasonal influences on crop growth 
rate are discussed in Chapter 2. For Experiments 2 to 12, final dry matter production 
was over-estimated by 7-11% when daily averages instead of hourly input of climatic 
data was used (Table 5). Maximum over-estimation of Pg<i on a particular day was 
17-37%. Averaged over the whole cropping period this value was 6-9%. Experiment 1 
showed significant over-estimation of dry matter production, which results partly from 
the use of daily averages of climatic data as input to the model, in contrast to the other 
experiments. Over-estimation of final dry matter production in Experiment 1 was 
somewhat higher than expected (14%) based on the use of daily averages instead of 
hourly climate data only (7-11%; Table 5). 
Although agreement between measured and simulated dry matter production in the 
experiments was good, under-estimation of crop growth rate was observed in the last 
weeks before the end of Experiments 4, 5, 6 and 7 (Fig. 1), around the shortest day in 
Experiments 11 and 12 (Fig. 1) and in the second half of Experiment 14 at the highest 
plant density (Fig. 2C). Simulation results for commercially grown crops were very 
poor (Fig. 3). Final dry matter production was under-estimated by about 27%. Crop 
growth rate was under-estimated during the whole season, but especially in summer 
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100 140 180 220 
Day of year 
Fig. 2. Measured (•.O.^ .O.A.A) and simulated [standard model, ( ); adjusted model, 
( )] dry matter production at (A) low, (B) medium and (C) high plant density. Experiment 
13 (open symbols) and Experiment 14 (closed symbols). Within-row plant distance 0.80 m (•), 
0.60 m (»,0), 0.43 m (A), 0.40 m (A) and 0.26 m (•). 
and autumn (Fig. 4). A striking similarity, in all situations were crop growth rate was 
under-estimated, was a large crop dry weight and/or a low irradiance. However, in 
Experiments 2 and 3 final crop dry weights were also high (Table 2), but no under-
estimation of crop dry matter production was observed (Fig. 1). 
Under-estimation of crop growth rate could not be explained by under-estimation of 
greenhouse transmission, because there is no reason why this should happen at the end 
of experiments only. Furthermore, under-estimation of greenhouse transmission would 
lead to under-estimation of crop growth rate at low as well as at high plant density 
in Experiment 14, which was not observed (Fig. 2). For the same reasons, under-
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Table 5. Simulated final dry matter production by TOMSIM, using hourly climatic data as 
model input (final DMh) for Experiments 2 to 12, average (over the whole growing period) and 
final percentage of over-estimation of dry matter production, using daily average climatic data 
(DMd) instead of hourly values (DMh) as model input and average and maximum over-
estimation of gross canopy assimilation rate, using daily average climatic data (Pg.d) instead of 













































































































100 200 300 
Day of year 
Fig. 3. Measured (•) and simulated [standard model, ( ); adjusted model, ( )] dry 




100 200 300 
Day of year 
Fig. 4. Measured (•) and simulated [standard model, ( ); adjusted model, ( )] crop 
growth rate for commercially grown crops at Nursery I (A) and Nursery II (B). Measured crop 
growth rate results from linear interpolation between destructive measurements in Fig. 3. 
Simulated crop growth rate is a moving-average over a 7-day period. 
estimation of Pgd could not explain under-estimation of crop growth rate. During crop 
growth, the fraction of assimilates allocated to the fruits increases (Chapter 2). If 
assimilate requirements for fruit growth were over-estimated, this would result in 
under-estimation of growth rate at the end of the experiments. However, in 
Experiment 14, crop growth rate was under-estimated at the highest plant density 
only (lowest number of fruits per truss), where the smallest fraction of final dry 
matter production was allocated to the fruits [0.43 compared with 0.59 at the lowest 
plant density (highest number of fruits per truss)]. Therefore incorrect values for 
assimilate requirements could not explain under-estimation of crop growth rate. 
Only one possible explanation for under-estimation of dry matter production 
remains: over-estimation of maintenance respiration. This is also supported by the 
observation that growth rate in the last period at Nursery I is under-estimated more 
severely than growth rate at Nursery II (Fig. 4), as the crop at Nursery I had the 
highest dry weight (Table 4). Indeed, in general, simulation results improved when the 
adjusted model, with Rm reduced in dependence of RGR (eqn [2]), was used (Figs. 1, 2 
and 3). Parameter f in eqn [2] was estimated to be 33, based on Experiment 12. 
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Especially for the commercially grown crops improvement of simulation results was 
significant (Fig. 3). Simulated growth rate in the second half of the cultivation period 
was strongly increased when R„, was simulated in dependence of RGR (Fig. 4). For 
Experiments 8, 9 and 10, agreement between measured and simulated crop dry matter 
production was better for the original model. The adjusted model over-estimated crop 
growth rate at the end of these experiments. 
Discussion 
It should be noted that the model TOMSIM was not tested in a full simulation mode, 
as it did not generate and use predictions for LAI from its estimate of plant weight. 
Spline functions estimating observed LAI and dry weight of leaves, stem and fruits, 
together with observed dry matter distribution, were input to the model. The latter was 
used for calculating the crop conversion efficiency (Cf), whereas spline functions of dry 
weight were used in the calculation of maintenance respiration rate. Only dry matter 
production was validated. Validation of explanatory models like TOMSIM can and 
should take place at different levels of the model (modules), to exclude the possibility 
that several errors in the model would compensate each other. However, after 
validation of the modules, the model should be tested in a full simulation mode, to 
allow for interactions between the individual modules, which may result in poor 
performance. 
In greenhouses, CO2 concentration can show a strong diurnal course (Nederhoff et 
al, 1989; Alscher, 1993). Usually the lowest CO2 concentration and the highest 
irradiance during the day coincide. The non-linearity of the responses of crop assimila-
tion to C02 and light and the interaction of the effects, explains the over-estimation of 
final dry matter production by 7-11% (Table 5) when daily averages instead of hourly 
climatic data are used as input to the model. Our results show that this effect is too 
large to be neglected. In Chapter 4.3 daily averages were used as input to the model, 
although in that chapter the over-estimation of dry matter production is mentioned. 
Based on one experiment, this over-estimation was estimated to be 8% (Chapter 4.3). 
On average, Pga was over-estimated by 7% (maximum on a particular day was 25%). 
These percentages agree well with our results (Table 5). 
The use of daily averages instead of hourly climatic data as input to the model could 
explain most of the over-estimation of dry matter production in Experiment 1 (Fig. 1). 
A second reason for over-estimation of dry matter production in Experiment 1 might 
be the high CO2 concentration measured for this experiment. In none of the 
experiments C02 was supplied, resulting in average CO2 concentrations between 10:00 
and 16:00 hours of 300-350 umol mol'1 in spring and summer (Table 2). However, in 
Experiment 1 measured average C02 concentration was 390 umol mol'1. If equipment 
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error was giving C02 values that were too high, this would explain part of the over-
estimation of dry matter production in Experiment 1, but this could not be proven, as 
an independent check of the CO2 measurements was not possible. 
The general agreement between measured and simulated dry matter production in 
our experiments (Figs. 1 and 2) is very promising, especially as data used for validation 
were completely independent of model development and a wide range of conditions 
was tested. Apparently SUKAM is able to predict tomato dry matter production under 
a wide range of (natural) irradiances and LAI values. Using general model parameters 
(Table 1) gave acceptable agreement between measured and simulated dry matter 
production. It was not necessary to give parameters specific 'tomato values'. 
However, this does not mean that parameters in Table 1 are valid for every greenhouse 
crop. For example, Pg>max is (much) lower for several pot plants (Bierhuizen et al, 
1984). 
Most striking in our results is the reasonable agreement between measured and 
simulated dry matter production in the experiments, whereas for the commercially 
grown crops dry matter production was largely under-estimated. This large under-
estimation coincided with highest crop dry weights observed for these commercially 
grown crops (and for the largest plant density in Experiment 14). These large crop dry 
weights mainly result from a higher growth rate (rockwool culture, higher CO2 
concentration and higher greenhouse transmissivity) and a fruit growth period as long 
as in the experiments. The latter resulted from (almost) equal greenhouse temperature, 
which is by far the most important determinant of fruit development rate (De Koning, 
1994). A higher crop growth rate, at equal temperature and thus crop development 
(initiation and removal of trusses and leaves), must result in a higher crop dry weight. 
Furthermore, the long cultivation period for the commercially grown crops resulted in 
high stem weights. 
In the Results section, it was already argued that the most likely explanation for the 
discrepancy between measured and simulated crop growth rate is over-estimation of 
Rm. Reducing R,,, by making its value dependent on RGR (eqn [2]) resulted, in general, 
in better agreement between measured and simulated dry matter production. It is 
recognised that parameterisation of eqn [2] was based on Experiment 12 only, whereas 
the general validity of parameter f (other crops) has not been tested. Furthermore, 
eqn [2] predicts no respiration when no growth occurs, which contradicts measure-
ments (e.g. McCree, 1982) and conflicts with the often used procedure to measure 
maintenance respiration rate (Amthor, 1989). A more physiologically realistic model, 
would relate specific maintenance respiration rate to RGR by a curvilinear line that is 
concave down with a positive ordinate intercept (Amthor, 1989). However, our 
preliminary model (a simple saturation-type response through the origin; eqn [2]) 
yielded good predictions of dry matter production. It should be noticed here, that 
reducing the specific maintenance coefficients by 50% yielded almost the same 
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simulated dry matter production curves as for the adjusted model (not shown). No 
clear difference in dynamics of these two 'procedures' could be detected, although 
theoretically this was expected. However, for young crops, maintenance takes such a 
small part of Pg<i that a difference of 50% (adjusted model versus reduced coefficients) 
hardly influences crop growth. When the crop is larger, RGR is reduced and the 
adjusted model results in a reduction in Rm by 50-70% compared with the standard 
model, which is almost equal to the result of a 50% reduction in specific maintenance 
coefficients. Furthermore, Amthor (1989) has shown that large variations in measured 
maintenance coefficients for a specific crop are observed, e.g. as a result of measuring 
method used and growing conditions of the plants (field, greenhouse or growth 
chamber). New experiments, in which respiration is measured, are necessary to 
determine the precise relationship between Rn, and RGR. However, it is clear that 
specific maintenance coefficients are not constant, but depend on the metabolic activity 
of the crop (Penning de Vries, 1975; McCree, 1982; Amthor, 1989). De Wit et al. 
(1978) simulated this dependency by making maintenance respiration a function of 
both protein and mineral contents. Thus, protein turnover and ion fluxes were each 
accounted for. As both protein and mineral contents are not modelled in SUKAM, we 
could not follow such a procedure. 
Simulation may under-estimate potential crop growth, as fruit photosynthesis was 
neglected. Green tomato fruits contain chlorophyll and fix CO2 (Ho and Hewitt, 1986). 
However, the amount of carbon fixed is small compared with that required for growth. 
The self-fixed carbon contributes, at most, 10-15% of the total accumulation of carbon 
(Tanaka et al., 1974). In a mature (producing) crop, fruit dry matter increase is about 
70% of total crop growth (Chapter 2). Therefore, neglecting fruit photosynthesis may, 
at most, result in an under-estimation in crop growth rate of a mature crop by 7-10%. 
As in our experiments crops were mature only in the last part of the growing period, 
under-estimation of cumulative crop dry weight as a result of neglecting carbon 
fixation by fruits is even less. 
Although observed discrepancies between measured and simulated dry matter 
production are probably the result (partly) of problems in simulating maintenance 
respiration, this is not proven, given the absence of respiration measurements. More 
research in this field is needed, especially because yield predictions over a whole 
growing season for greenhouse crops (e.g. roses, carnation, tomato, cucumber, sweet 
pepper) strongly depend on the estimation of maintenance respiration, as in 
greenhouses often large crops are grown at low light intensities. 
Conclusions 
SUKAM (Gijzen, 1992) is a reliable module for dry matter production in the tomato 
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crop growth and development model TOMSIM. Only under extreme conditions (low 
light, large crop dry weight) is growth rate under-estimated. This might be the result of 
neglecting the effect of metabolic activity on specific maintenance respiration rate. Our 
results show that accurate estimates of maintenance respiration rate are necessary 
when simulating commercially grown crops, because their long growing period results 
in high stem (and crop) dry weights and high biomass at low light intensity, so 
substantial under-estimation of crop growth rate may occur. 
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Berlin N, HeuvelinkE. 1993. Dry-matter production in a tomato crop: comparison of 
two simulation models. Journal of Horticultural Science 68: 995-1011. 
Abstract 
TOMSIM and TOMGRO are two dynamic models for tomato growth and develop-
ment. Their submodels for dry matter production were compared and discussed. In 
TOMSIM, dry matter production is simulated by a modified version of SUCROS87 
(Spitters et al., 1989). Single leaf photosynthesis rates are calculated separately for 
shaded and sunlit leaf area at different depths in the canopy, according to the direct and 
diffuse components of light; daily crop gross assimilation rate (A) is computed by 
integration of these rates over the different depths and over the day. In TOMSIM leaf 
photochemical efficiency (e) and potential leaf gross photosynthesis rate at saturating 
photosynthetic photon flux density (P^ max) both depend on temperature and CO2 
concentration. In TOMGRO crop gross photosynthesis rate is calculated by the 
equation of Acock et al. (1978); e is a constant and Pg,max is a linear function of CO2. 
In both models leaf photosynthesis characteristics are assumed to be identical in the 
whole canopy. Maintenance respiration (R„,) and conversion efficiency (Cf) are taken 
into account in the same way, except that root maintenance respiration is neglected in 
TOMGRO. For both models a sensitivity analysis was performed on the input variables 
[photosynthetic photon flux density (PPFD), temperature, CO2 and leaf area index 
(LAI)] and on some of the model parameters. 
Under most conditions considered, simulated A was found to be 5-30% higher in 
TOMSIM than in TOMGRO. At temperatures above 18°C Rn, was also higher in 
TOMSIM, and Cf was 4% higher in TOMGRO. The two models were very sensitive to 
changes in e and to a lesser extent to changes in the light extinction coefficient, 
whereas the scattering coefficient of leaves had hardly any effect on the simulated A. 
TOMGRO appeared to be rather sensitive to the CO2 use efficiency, whereas at 
ambient CO2 concentration mesophyll resistance was quite important in TOMSIM. 
Four sets of experimental data (differences in cultivar, CO2 enrichment and planting 
date) from Wageningen (The Netherlands) and Montfavet (southern France) were used 
to validate the models. Average 24 h temperature and average daily CO2 concentration 
were used as input to the models. For the Wageningen experiments, hourly PPFD was 
calculated from daily global radiation sum by TOMSIM and used as input in both 
models. For the Montfavet experiment average hourly PPFD measurements were used. 
Also measured LAI, dry matter distribution and organ dry weights (for calculation of 
Rm) were input to the simulation. In the Wageningen experiments total dry matter 
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production was simulated reasonably well by both models, whereas in the Montfavet 
experiment an under-estimation of about 35% occurred. TOMGRO and TOMSIM 
simulated almost identical curves in all four experiments. Strong and weak points of 
both models are discussed. 
Introduction 
The economic value of tomato production is determined by the product fresh weight 
and the product price, which may be strongly influenced by product quality. Product 
fresh weight is usually closely related to product dry weight, although De Koning and 
De Ruiter (1992) reported variations in fruit dry matter content between 5.1% in 
spring and 6.4% in summer. Fruit dry weight is determined by the total dry matter 
production and the fraction of dry matter distributed to the fruits. 
Over the past twenty years, several models for crop dry matter production have 
been developed (De Wit et al, 1970, 1978; Spitters et al, 1989; Hoogenboom et al, 
1990), and some specifically for the tomato crop (Elwell and Bauerle, 1990; Jones et 
al, 1991; Tchamitchian and Longuenesse, 1991). Crop models summarise our knowl-
edge about crop behaviour (Acock and Reynolds, 1989) and they have a wide range of 
potential applications in the field of greenhouse culture, e.g. for research, planning and 
climate control (Challa, 1985). Although the number of people involved in building 
crop models is small, each team writes its own computer code for each process, even 
though this is not necessary and wastes valuable resources and creative time (Acock 
and Reynolds, 1989). A modular structure of the models can overcome this waste as it 
facilitates interchange of code between models. It also makes model validation 
(comparison of model output with experimental data) possible at the level of individual 
modules. 
In the present paper simulation of dry matter production is compared in two tomato 
crop models with a modular structure. One is TOMSIM, a tomato growth and devel-
opment model partly derived from SUCROS87 (Spitters et al, 1989). The other is 
TOMGRO (Jones et al, 1991), which contains the photosynthesis model of Acock et 
al (1978). For both models a sensitivity analysis on the input variables [temperature, 
CO2 concentration, PPFD (photosynthetic photon flux density, 400-700 nm wave-
length) and leaf area index (LAI)] and on some of the model parameters is performed. 
Both models were validated on four sets of experimental data from Wageningen (The 
Netherlands) and Montfavet (southern France). Their hypotheses and performances are 
discussed. Simulation of dry matter distribution in both models is presented and 
discussed in Chapter 5.7. 
The aim of comparing TOMSIM and TOMGRO is to show and discuss the differ-
ences between the two models. This will help making a choice between the two models 
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for dry matter production, which also depends on the purpose of the model (e.g. 
research or planning). It might result in a new model, combining the best performing 
modules of both models. 
Model description 
TOMSIM 
General structure of the model: In TOMSIM dry matter accumulation is simulated 
according to the greenhouse crop model of Gijzen (1992), which is based on 
SUCROS87 (Spitters et ai, 1989) and the leaf photosynthesis module developed by 
Goudriaan et al. (1985). The potential growth of a crop is simulated, i.e. its dry matter 
accumulation under ample supply of water and nutrients in a pest, disease and weed-
free environment under the prevailing greenhouse climatic conditions. Daily dry matter 
production is calculated according to: 
dW/dt = CV(A-R,0 [1] 
in which dW/dt is the crop growth rate (g m'2 d'1), Cf the conversion efficiency from 
assimilates to dry matter, A the crop gross assimilation rate (g CH20 m'2 d') and Rm 
the maintenance respiration rate (g CH20 m'2 d"1). Gross CO2 assimilation of the 
canopy depends on light absorption by the canopy, mainly determined by the incoming 
radiation and the crop leaf area. From the photosynthetic characteristics of single 
leaves, which are assumed to be the same for all leaves in the canopy, and the radiation 
profile, instantaneous rate and daily amount of CO2 assimilation are calculated. 
Climatic conditions inside the greenhouse: Daily amount of global radiation (300-
3000 nm wavelength) outside the greenhouse is used as input in the model to generate 
the daily irradiance patterns based on the sine of the elevation of the sun above the 
horizon. Radiation flux is separated into a direct and a diffuse part, based on the 
atmospheric transmission. PPFD is assumed to be 47% of total global radiation 
(Gijzen, 1992). Direct and diffuse radiation fluxes are multiplied by their greenhouse 
transmissivities calculated according to Bot (1983) to estimate radiation fluxes inside 
the greenhouse. Average 24 h greenhouse temperature and average greenhouse CO2 
concentration during the day are also input to the model. Variations in temperature and 
CO2 during the day are neglected. 
Photosynthesis: The absorption of light is assumed to decrease exponentially with LAI 
within the canopy (Spitters et al., 1989). The extinction coefficients describing this 
decrease are different for diffuse and direct fluxes, and depend on solar elevation 
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(direct flux only), leaf angle distribution and the scattering coefficient for individual 
leaves (a). Assimilation rates are calculated separately for shaded and sunlit leaf area at 
different cumulative leaf area in the canopy, based on a negative exponential light-
response curve for leaf photosynthesis and integrated both over total crop leaf area and 
over the day (Spitters et al, 1989). 
Leaf photosynthesis is determined by a negative exponential light-response curve, 
based on two parameters: photochemical efficiency (e) and potential leaf gross photo-
synthesis rate at saturating PPFD (Pg,max)- Both parameters are influenced by C02 and 
temperature as described by Gijzen (1992). Photochemical efficiency is calculated from 
the potential photochemical efficiency in the absence of oxygen [e0: 0.084 mol CO2 
mol"1 photon absorbed, according to Goudriaan et al. (1985)] corrected for pho-
torespiration: 
e = e„(C,-r)/(C, + 2r) [2] 
in which T represents the CO2 compensation concentration (umol mol"1) and Ca the 
ambient C02 concentration (umol mol"1). T rises with leaf temperature (Ti; °C) accord-
ing to the measurements of Brooks and Farquhar (1985): 
T = 42.7 + 1.68 (T,-25) + 0.012(T,-25)2 [3] 
The maximum net photosynthesis rate limited by CO2 (Pn,c; umol m'2 s"1) depends on 
the CO2 gradient between ambient air and chloroplast, and three resistances to CO2 
transport (Goudriaan etal., 1985): 
P„,c = 41.6 (C, - O / (rm + 1.36 rb + 1.6 r8) [4] 
in which 41.6 is the density of CO2 at 20°C (mmol l'1), rm is the mesophyll resistance to 
CO2 transport (s m'1), n> and r, are the boundary layer resistance (s m"1) and the sto-
matal resistance for water vapour diffusion (s m"1) respectively. The ratios between 
CO2 diffusion and water vapour diffusion are 1.36 and 1.6 (Von Caemmerer and 
Farquhar, 1981) for the boundary layer resistance and the stomatal resistance, respec-
tively. Mesophyll resistance depends on leaf temperature (Fig. 1 A). 
Maximum net leaf photosynthesis rate at light saturation is taken as the minimum of 
P„,c and Pmm, where Pmm is the maximum endogenous photosynthetic capacity, which 
depends on leaf temperature (Fig. 1A). It should be noticed that temperature effects on 
both Pmm and rm as given in Fig. 1A are not yet based upon detailed experimental 
research and therefore should only be seen as a first approximation. 
Finally, Pg,,™ can be calculated from P„,m,x by adding the dark respiration rate: 
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Rd,Ti — Rd,20 Q 10,1 [0.1 (Ti-20)] [5] 
in which R^T, and Rd,2o are the dark respiration rates of the leaf (umol m'2 s"1) 
at leaf temperature Ti (°C) and 20°C respectively and Qio.i the ratio between dark 
respiration at Ti+10°C and Ti °C. The values adopted for the parameters are given in 
Table 1. 
Respiration: R™ for the whole crop is calculated from the weights of the plant organs: 
R^T) = (MAINT* Wh, + MAINT* Wrt + MAINTrt W„ + MAINTfr Wft) Qio,c[°'1(T~T|)][6] 
in which R„,(T) is the maintenance respiration rate (g CH20 m'2 d"1) at temperature T 
(°C), MAINT is the maintenance respiration rate (g CH20 g"1 d'1) at reference 
temperature Ti (°C), and W is the organ dry weight per unit of greenhouse area (g m'2) 
with the subscripts referring to leaves, stem, roots and fruits, respectively. Qio,c 
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Fig. 1. (A) Temperature effect on mesophyll conductance for C02 diffusion and maximum 
endogenous photosynthetic capacity (Pmm) in TOMSIM and (B) the relative temperature effect 
on maximum leaf gross photosynthesis rate in TOMGRO. 
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coefficients are assumed to be constant. Although maintenance respiration per unit of 
biomass is likely to decrease with crop size, there is no quantitative basis for introduc-
ing this effect in the model. A better approach would take account of the metabolic 
activity of the crop. 
Assimilate requirements are calculated for all plant parts separately and result in a 
conversion efficiency for assimilates to dry matter (Cf) according to Spitters et al., 
(1989): 
Cf = l/(ASR,v F,v + ASR* F„ + ASR« F„ + ASRfrFfr) [7] 
in which ASR is the assimilate requirement (g CH20 g"1 dry matter) and F the fraction 
of assimilates diverted to the organ with the subscripts referring to leaves, stem, roots 
and fruits, respectively. Values adopted for the model parameters are given in Table 1. 
TOMGRO 
General structure of the model: In TOMGRO, daily dry matter production is com-
puted from crop gross photosynthesis and respiration rates, according to eqn [1]. Daily 
crop assimilation rate is calculated from the integration of hourly rates. Crop gross 
photosynthesis rate results from a single equation integrated from a leaf photo-
synthesis response curve, assuming that leaf photosynthetic characteristics are the same 
Table 1. Parameters used in TOMSIM and their numerical values, if constant (DM = dry 
matter). 
Parameter Meaning Value Unit 
e0 photochemical efficiency in absence of oxygen 
r carbon dioxide compensation concentration 
k extinction coefficient for diffuse radiation 
o scattering coefficient of individual leaves 
MAINTK, maintenance respiration for leaves at 25 °C 
MAINT* maintenance respiration for stem at 25°C 
MAINT,, maintenance respiration for roots at 25°C 
MAINTjj maintenance respiration for fruits at 25°C 
Qio,c Qio-value for temperature effect on 
maintenance respiration 
ASRh, assimilate requirements for formation of leaf DM 
ASR,, assimilate requirements for formation of stem DM 
ASRrt assimilate requirements for formation of root DM 
ASRfr assimilate requirements for formation of fruit DM 
Qio.i Qio-value for temperature effect on leaf 
dark respiration 
Rd,2o leaf dark respiration rate at 20°C 
rb leaf boundary layer resistance to H 2 0 diffusion 
rs leaf stomatal resistance to H 2 0 diffusion 
rm mesophyll resistance to C 0 2 transport s m"1 
Cf conversion efficiency g DM g'1 CH 2 0 
y
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over the whole canopy. Gross photosynthesis and R„, are determined within an hourly 
loop, by the combination of climatic conditions (radiation, temperature and Cö2 
concentration) and plant state (LAI, vegetative and reproductive biomass). 
Climatic conditions inside the greenhouse: The data entered into the model are daily 
extreme greenhouse temperatures (maximum and minimum) and daily global radiation 
(MJ m'2 d'1), from which the model calculates the hourly climatic conditions inside the 
greenhouse. The inside PPFD is computed as 55% of the daily global irradiance 
multiplied by the transmissivity of the greenhouse, taken as a fixed value. Hourly 
values are generated assuming a half sine wave distribution during the sunlit part of the 
day. Sunrise and sunset are computed according to latitude and day number of the year 
(Jones et al., 1989). 
For temperature, hourly values are computed according to a sine wave distribution 
between maximum and minimum temperatures along the day. Maximum temperature is 
assumed to be reached at midday and minimum temperature 2 h after sunrise. If no 
CO2 measurements are available, the CÖ2 concentration is assumed to be constant over 
the day. 
If available, average hourly values for temperature, CO2 and PPFD inside the 
greenhouse can be used as inputs. 
Photosynthesis: Canopy gross assimilation rate (A; g CH20 m'2 d') is computed for 
each hourly step by the equation of Acock et al. (1978). These authors -integrated a 
rectangular hyperbola describing single leaf photosynthesis (Pg; eqn [8]) over the entire 
leaf area of a canopy, assuming the vertical profile of PPFD within the canopy to 
decrease exponentially (eqn [9]): 
Pg = elTC,/(eI + TC.) [8] 
(l-m)P + e k l 
where s is the leaf photochemical efficiency (mol CO2 mol"1 photon incident on the leaf 
surface), z the C02 use efficiency [umol C02 m"2 s"1 (umol mol"1)'1], I the photosyn-
thetic photon flux density above the canopy (PAR; umol m"2 s"1), Ca (umol mol'1) the 
ambient C02 concentration, 2.593 a coefficient to convert A from umol C02 m'2 s'1 to 
g CH20 m'2 d'1, LAI the leaf area index, m the leaf light transmission coefficient and k 
the canopy light extinction coefficient (no distinction between direct and diffuse light). 
The maximum gross leaf photosynthesis rate (Pg,max) is a linear function of C02 con-
centration, adjusted by a temperature function F(t) (Fig. IB): 
Pg,max = x C, F(t) [10] 
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Table 2. Numerical values for some parameters used in TOMGRO (DM = dry matter). 
Parameter Meaning Value Unit 
E photochemical efficiency 0.0645 mol C02 mol"' photon 
T C02 use efficiency 0.070 umol C02 m"2 s"1 
(umol mol"1)"1 
k light extinction coefficient 0.58 
m light transmission coefficient 0.10 -
MAINT,,, maintenance respiration for leaves at 20°C 0.015 g CH20 g"1 DM d"1 
MAINT« maintenance respiration for stem at 20°C 0.015 g CH20 g'1 DM d"1 
MAINTE maintenance respiration for fruits at 20°C 0.01 g CH20 g"1 DM d"1 
Qio.c Qio-value for temperature effect on 1.4 -
maintenance respiration 
Cf conversion efficiency 0.75 g DM g"1 CH20 
Values for these parameters were estimated by Jones et al. (1991) from measurements 
on a tomato crop grown at a very high density (22 to 3 plant m"2; decrease in density 
resulted from destructive plant measurements), assuming a value of 0.10 for m 
(Table 2). 
Respiration: In TOMGRO respiration is modelled in the same way as in TOMSIM 
(eqns [1] and [6]). However, TOMGRO uses a fixed Cf of 0.75 (Gary and Bertin, 
unpublished). Rm is modelled according to eqn [6], except that root maintenance is 
neglected and that Qio,c equals 1.4 (Gary, 1988; Jones etal., 1991). 
Differences between TOMSIM and TOMGRO 
An important difference between the two models is the more detailed description of 
light interception by the crop in TOMSIM. Carbon dioxide effects on photosynthesis 
are modelled in a different way (e.g. in TOMGRO there is no influence of CO2 on e). 
Cf is fixed in TOMGRO, whereas it depends on dry matter distribution in TOMSIM. 
Another difference is the fixed transmissivity of the greenhouse in TOMGRO. 
Materials and methods 
Experiments in Wageningen 
Experiments 1, 2 and 3 were conducted in three 12.8 m x 12 m greenhouse compart-
ments of a multispan Venlo-type glasshouse in Wageningen (The Netherlands, lat. 
52°N). Tomato seeds (Lycopersicon esculentum Mill. 'Counter') were sown in trays 
filled with a commercial potting soil and placed in another compartment of the same 
glasshouse on 17 November 1987, 8 April 1988 and 13 June 1988 for Experiments 1, 
2 and 3 respectively. Plants were pricked out into 12 cm plastic pots filled with the 
same potting soil and placed on benches after about 14 days. On 25 January 1988, 30 
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May 1988 and 3 August 1988 (flowering of the first truss for Experiments 1, 2 and 3 
respectively) plants were transferred to a different glasshouse compartment for each 
experiment, where they were grown in soil at a density of 2.1 plants m"2 (16 rows of 16 
plants). Plants were trained according to the high-wire system. Experiments ended on 
9 June 1988, 8 September 1988 and 23 November 1988 respectively, soon after the 
plants reached the high-wire. Plant nutrition and chemical pest and disease control 
were according to Anonymous (1986). Flowers were pollinated three times a week 
with the aid of an 'electric bee'. All fruit trusses were pruned to seven fruits per truss 
after fruit set. 
Temperature set-point was 18°C day and night and no CO2 enrichment was used. 
Temperature and CO2 concentration (measured by an URAS 3G; Hartmann and 
Braun, Frankfurt, Germany) in the compartments were recorded every 5 min by a 
commercial DAKO computer system (Hoogendoorn, 's Gravenzande, The Nether-
lands). Outside daily global radiation was measured at about 800 m distance from the 
glasshouse. 
In each experiment, six plants were taken every 7-10 days for destructive measure-
ments. Dry weights (ventilated oven; 60°C for at least one week) of leaves (including 
petioles), stem, individual fruit trusses (including peduncles), removed leaves, picked 
fruits and leaf area (LI-COR Model 3100 Area Meter) were measured for each plant. 
Unfortunately, because the plants were growing in soil, no measurements on the root 
system were possible. The plants used for destructive measurements were always 
surrounded by guard plants (plants not used in the experiment) and, when harvested, 
they were replaced by spare plants of the same size, grown in 25 1 containers to avoid 
disturbing light distribution in the crop. 
Experiment in Montfavet 
Experiment 4 was conducted in Montfavet (southern France, lat. 44°N), in two 
identical polycarbonate greenhouses of 204 m2 (6 m x 34 m). Tomato seeds 
(Lycopersicon esculentum Mill. 'Capello') were sown in sand at 25°C on 24 October 
1989, and pricked out in rockwool cubes (10 cm x 10 cm x 6 cm) on 3 November 
1989. Plants were placed on rockwool slabs in two greenhouses on 4 December 1989 
at a density of 2.5 plants m'2 and the experiment ended on 22 March 1990. Day/night 
temperature set-point was 19/16°C in both greenhouses. Starting at the appearance of 
the first truss, one of the greenhouses was enriched to 1000 umol mol"1 with pure CO2 
from 08:00 to 12:00 h. From March (fruit set of the seventh truss), enrichment took 
place from 6:00 to 10:00 h and the CO2 concentration realised was on average about 
500 umol mol'1, because of greenhouse ventilation. Enrichment stopped at the begin-
ning of April (fruit set of the ninth truss). The second greenhouse was not enriched. 
Global radiation outside the greenhouse, PPFD above the canopy, temperature and 
CO2 concentration in both greenhouses (measured by an infra-red CO2 analyser; 
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Siemens, München, Germany), were scanned every 10 s and averages were recorded 
every 10 min, by a data logging system (ORION, Schlumberger). 
In both greenhouses, plants were treated in the same way. Trusses were pruned to 
seven flowers at anthesis, and flowers were pollinated three times a week with the aid 
of an 'electric bee'. Side shoots were removed as soon as they appeared. Plant nutri-
tion and chemical pest and disease control were according to commercial practice. 
Every three weeks, ten plants were sampled from each greenhouse for growth analysis. 
Leaf area was measured (LI-COR model 3000 Area Meter), and dry weights 
(ventilated oven; 80°C for at least three days) of leaves (including petioles), stem, 
individual fruit trusses and picked fruits were determined. The plants used for destruc-
tive measurements, were replaced by spare plants at the first two sampling dates. 
Comparison and validation of the two simulation models 
A standard situation was defined to compare the sensitivity of both photosynthesis 
models to the main input data and parameters: LAI = 3, CO2 = 340 umol mol"1, 
temperature = 20°C. The response to light was studied for different sets of parameters, 
climatic conditions and LAI. 
For validation, measured temperature averaged over 24 h periods and average CO2 
concentration between 10:00 to 16:00 h were used. For the first three experiments 
hourly PPFD was calculated from daily global radiation by the TOMSIM model and 
Table 3. Average daily PAR inside the greenhouse (MJ m"2 d'), 24 h average temperature 





























































































Comparison of two simulation models 
used as input in both models. For Experiment 4, average hourly PPFD measurements 
were used as input and average hourly global radiation measurements were used by 
TOMSIM to calculate the fraction of diffuse PPFD. 
Average climatic conditions in the four validation experiments are shown in Table 3, 
together with average LAI. The highest light levels were reached in Experiment 2, 
whereas in Experiments 1 and 4 in the first 2 periods and in Experiment 3 in the last 2 
periods light levels were lowest. In all experiments, temperature averaged over 24 h 
was close to 20°C. Daily CO2 concentration was about 300 umol mol'1, except for 
Experiment 1 and for the enriched greenhouse in Experiment 4, where C02 reached 
higher concentrations. In Experiments 2 and 4 LAI reached an average value of about 
3 in the last period, whereas in Experiment 1 this value was higher (3.8) and in Ex-
periment 3 it was lower (2.2). 
For each experiment, a spline function fitted to experimental LAI was used as input 
for the photosynthesis simulation. Three other spline functions fitted to the measured 
dry weights of leaves, stem and fruits, were used for calculation of Rm. For TOMSIM, 
the simulated root dry weight was used for the calculation of Rm and the dry matter 
distribution between leaves, stem and fruits was calculated from the destructive 
measurements and used as input to calculate Cf (eqn [7]). The fraction of dry matter 
allocated to the roots was set to 13% at planting date and 4% from first fruit harvest 
onwards; in between, this fraction was determined by linear interpolation. The simu-
lated cumulative dry matter production for each experiment was compared with 
measured data. 
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Fig. 2. Gross leaf photosynthesis-absorbed light response curves at five CO2 concentrations 





Leaf gross photosynthesis: Fig. 2 shows a saturation-type response of leaf gross 
photosynthesis rate as a function of absorbed PPFD at different C02 concentrations for 
both models. Leaf photosynthesis rates are up to 45% higher for TOMSIM, except at 
C02 concentrations of 100 and 1000 umol mol'1, where photosynthesis rates are 
almost equal for both models. The relative effect of C02 on leaf gross photosynthesis 
rate decreases with the CO2 concentration for both models. However in TOMSIM, 
above a concentration of 750 umol mol"1, CO2 hardly influences photosynthesis rate, 
whereas in TOMGRO this influence is still significant. For the lowest C02 concentra-
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Fig. 3. Effect of temperature (°C; A,B), C02 concentration (umol mol'; C,D) and LAI (E,F) 
on the crop photosynthesis-light response curve simulated by TOMSIM (A,C,E) and 
TOMGRO (B,D,F). Incident light was assumed to be diffuse. Standard conditions: temperature 
• ' T 
= 20 °C, C02 = 340 nmol mol', LAI = 3 
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TOMGRO e is a constant. For both models the relative effect of C02 on photosynthe-
sis rate increases slightly with PPFD (Fig. 2). This is the result of a larger effect on 
Pg^ iax than on e (no influence on e in TOMGRO), and Pg,™« affects leaf gross photo-
synthesis rate more at higher than at lower light intensities. 
Crop gross photosynthesis: Fig. 3 shows the influence of temperature, C02 and LAI 
on crop gross photosynthesis rate as calculated by TOMSIM (Fig. 3A,C,E) and 
TOMGRO (Fig. 3B,D,F). In TOMSIM the response to temperature results from 
temperature influences on mesophyll conductance, maximum endogenous photosyn-
thetic capacity (Fig. 1A), the CO2 compensation concentration (eqn [3]) and dark 
respiration (eqn [5]). Thus both e and P g ^ were influenced by temperature. Tempera-
ture influence on P,™ had no effect at 340 umol mol'1, as at this low C02 concentration 
Pmm was never reached (data not shown). Thus CO2 diffusion was the rate limiting 
process at 340 umol mol'1. At a C02 concentration of 1000 umol mol'1 results were 
reversed: Pmm determined Pg,max (data not shown). As a result of compensating tempera-
ture effects on the processes mentioned above, the crop gross photosynthesis rate 
appears to be hardly affected by temperatures between 15 and 25°C (Fig. 4A). For 
temperatures outside this range, the photosynthesis was reduced mainly by a higher 
mesophyll resistance to C02 transport at a C02 concentration of 340 umol mol'1, 
whereas at 1000 umol mol'1 a reduced Pmm (Fig. 1A) reduced crop photosynthesis rate. 
Around 20°C the relative effect of temperature on crop gross photosynthesis rate 
decreased at increasing PPFD, because temperature influences e more than Pg,max and e 
had a larger effect on crop gross photosynthesis rate at lower than at higher PPFD. 
In TOMGRO the response to temperature results only from the influence on maxi-
mum crop gross photosynthesis rate. Photosynthesis was reduced below 12°C or 
above 28°C (Fig. IB and 4A) and therefore the photosynthesis model is not sensitive 
to temperature between 15°C and 25°C (Fig. 3B). At 35°C photosynthesis is com-
pletely inhibited. 
The relative effect of C02 on crop gross photosynthesis rate (Fig. 3C,D) is compa-
rable with the effect on leaf gross photosynthesis rate (Fig. 2) and has already been 
discussed. In TOMSIM a C02 compensation concentration of about 40 |imol mol"1 
is taken into account, whereas in TOMGRO crop gross photosynthesis increases with 
C02 concentration from zero (Fig. 4B). 
LAI has a strong influence on crop gross photosynthesis at low LAI values (1-3) 
only, as almost all the light is already intercepted at high LAI (Fig. 3E,F). Crop gross 
photosynthesis rate saturates at a higher LAI in TOMGRO than in TOMSIM (Fig. 4C), 
mainly due to the higher extinction coefficient in TOMSIM. LAI effect increases 
slightly with PPFD (Fig. 3E,F). This is caused by a lower crop light use efficiency at 
high PPFD (more leaves are light saturated) and therefore a higher relative increase in 
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Fig. 4. Crop photosynthesis simulated by TOMSIM ( ) and TOMGRO ( ) at 1500 
umol m"2 s diffuse PPFD as a function of (A) temperature (O at a CO2 concentration of 340 
umol mol"' and • at 1000 umol mol"'), (B) C02 concentration (O at 20°C and • at 30°C) and 
(C) LAI (O at a C02 concentration of 340 umol mol"' and • at 1000 umol mol"1). Effects of 
temperature and C02 concentration are simulated at a LAI of 3 and the effect of LAI is 






Fig. 5. (A) Maintenance respiration (Rn,) in dependence of temperature as simulated by 
TOMSIM ( ) and TOMGRO ( ) for 67, 136, 240 and 242 g m"2 dry weight in roots, 
stem, leaves and fruits, respectively. (B) Dry matter production at different temperatures as 
simulated by TOMSIM ( ) and TOMGRO ( ) at three crop gross assimilation rates: 5, 
25 and 50 g CH20 m"2 d". Maintenance respiration as in (A). 
From these results (Figs. 3 and 4) it is clear that under most climatic conditions 
considered, crop gross photosynthesis rate simulated by TOMSIM is 5-30% higher 
than the one simulated by TOMGRO. 
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Respiration: The influence of temperature on R,,, and dry matter production is shown 
in Fig. 5. Above 18°C Rm (Fig. 5A) and growth respiration (lower Cf in TOMSIM) are 
higher in TOMSIM, resulting in a slightly higher dry matter production in TOMGRO 
at the same gross photosynthesis rate (Fig. 5B). Higher R,,, values above 18°C in 
TOMSIM are due to a Q)0 value of 2 instead of 1.4 used in TOMGRO. R„, is relatively 
more important at low photosynthesis rates, and thus the relative difference between 
the two models decreases with increased photosynthesis rate. For young plants (low 
dry weight) Rm is relatively unimportant and the dry matter production is always 
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Fig. 6. Effect of (A) photochemical efficiency, (B), extinction coefficient for diffuse (TOMSIM) 
or total (TOMGRO) radiation, (C), scattering (TOMSIM) or transmission (TOMGRO) 
coefficient of individual leaves, (D), mesophyll resistance for CO2 diffusion (TOMSIM) or 
C02 use efficiency (TOMGRO), (E), leaf stomatal resistance, and (F), maximum endogenous 
photosynthetic capacity on crop gross photosynthesis rate as simulated by TOMSIM ( ) 
and TOMGRO ( ) (O)at a C02 concentration of 340 umolmol"' and (•) at 1000 umol mol"1. 
LAI = 3 and temperature = 20°C. Sensitivity values on ordinate represent the percentual 
change in crop gross photosynthesis rate, resulting from a 1% increase in the value of the 
parameter tested, plotted as a function of incident diffuse PPFD. 
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Fig. 6 shows the sensitivity of both models to changes in some of their parameters. For 
this purpose, sensitivity was calculated as the relative increase of crop gross photosyn-
thesis rate induced by a 1% increase of one parameter, and it is presented as a function 
ofPPFD. 
Photochemical efficiency: Photochemical efficiency appears to be the parameter which 
influences calculated crop gross photosynthesis rate most (Fig. 6A). Its influence 
decreases as PPFD increases, because e determines leaf photosynthesis rate mainly at 
low PPFD's. However, also at high PPFD the lower leaves of a crop with a LAI of 3 
receive a low PPFD and thus the influence of e remains important. At 1500 umol m'2 s'1 
PPFD a 1% increase in e still increases crop gross photosynthesis rate by about 0.6%. 
Effects are higher at 1000 umol mol'1 compared with 340 umol mol'1 as Pg,max is 
higher. A higher Pg,max results, at every PPFD, in a larger influence of e on crop gross 
photosynthetic rate as light saturation occurs at higher PPFD. The difference in 
sensitivity to e between the two C02 concentrations is larger in TOMGRO than in 
TOMSIM, as in TOMGRO CO2 effect on Pg,max is bigger and no effect of CO2 on e is 
modelled. 
Light extinction coefficient: In both models an increased light extinction coefficient k 
(Fig. 6B) increases crop photosynthesis rate (except for high PPFD's in TOMSIM): 
this effect decreases with increasing PPFD. Differences between the two models 
mainly result from the lower value of k in TOMGRO (k = 0.58) compared with the one 
in TOMSIM (k = 0.72). This behaviour results from two counteracting effects of 
changes in k: (1) a higher k results in a higher percentage of incoming light being 
absorbed by the crop (independent of PPFD), and (2) a higher k results in a higher 
percentage of the incoming light being intercepted by the upper leaves of the crop, thus 
leading to a less favourable light distribution. The upper leaves already operate at a 
rate close to the maximum. Therefore the same amount of absorbed light would result 
in more photosynthates if a larger proportion was absorbed by the lower leaves. This 
effect is not significant at low PPFD's, but it becomes more important at higher 
PPFD's (upper leaves are closer to saturation). In fact, at very high PPFD's it becomes 
more important than effect (1), for TOMSIM resulting in a lower crop photosynthesis 
rate at a higher k. At a C02 concentration of 1000 umol mol"1 the unfavourable light 
distribution caused by higher k is less important as Pg,max is higher and therefore light 
saturation occurs at higher PPFD. However, differences between the two C02 concen-
trations are quite small. 
Leaf scattering: In TOMSIM an increased scattering (reflection and transmission) 
coefficient for the leaves slightly decreases the crop gross photosynthesis rate 
(Fig. 6C), because it results in more light being reflected by the canopy. The effect is 
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independent of CO2 concentration. The relative effect decreases with PPFD as crop 
gross photosynthesis rate increases and a higher percentage of the leaves is light 
saturated. 
In TOMGRO the response to the light transmission coefficient of the leaves (m) is 
small and depends little on the C02 concentration or the PPFD (Fig. 6C). A 1% 
increase of this parameter slightly increases the crop gross photosynthesis rate, because 
more light is transmitted in the canopy (better light distribution). An increase in m 
should decrease e, as in TOMGRO e is expressed per amount of light incident on the 
leaf surface and thus a higher m decreases e (less light absorbed). The relative effect 
decreases slightly at high PPFD because the crop gross photosynthesis rate increases. 
CO2 use efficiency, rm, rs and Pmm: As mentioned before, at a C02 concentration of 
340 nmol mol"1 leaf gross photosynthesis rate as calculated by TOMSIM, is limited by 
CO2 diffusion, whereas at 1000 umol mol"1 this rate is limited by Pmm. Therefore at 340 
umol mol"1 Pmm does not influence crop gross photosynthesis rate (Fig. 6F), whereas at 
1000 umol mol"1 rm and rs have no influence on crop gross photosynthesis rate 
(Fig. 6D,E). In TOMSIM an increased rm, and to a lesser extent an increased r, results 
in a decreased crop photosynthesis rate at 340 umol mol'1. The stronger influence 
of rm compared with rs is caused by the fact that rm is five times greater than rs at 20°C, 
and thus largely determines the result of solving eqn [4]. The effects increase with 
PPFD as both rs and rm influence Pg,max- At a CO2 concentration of 1000 umol mol"1 
an increased Pmm increases the crop gross photosynthesis rate (Fig. 6F). The relative 
effect increases with PPFD as Pmm determines Pg>max, which hardly influences leaf 
photosynthesis rate at low PPFD's. It is important to notice that Pmm if effective only at 
high PPFD combined with high CO2. Under normal greenhouse conditions, rm and CO2 
instead of Pmm will determine photosynthesis rate. 
In TOMGRO, T is the equivalent for the leaf conductance to CO2 transfer. Increas-
ing T results in an increased crop gross photosynthesis rate (Fig. 6D). The model 
sensitivity to this parameter increases with PPFD; this is due to the influence of Pg,max 
at high PPFD, which is directly proportional to x. At a CO2 concentration of 1000 
umol mol"1 the effect of T is smaller, as Pg,max is higher and therefore light 
saturation occurs at higher PPFD. This makes T less important at the same PPFD. In 
fact exactly the same reason made e more important at a CO2 concentration of 1000 
umol mol"1 compared with 340 umol mol'1 (Fig. 6A). 
Model validation 
In Experiments 1, 2 and 3 (Wageningen) total dry matter production was simulated 
reasonably well both by TOMSIM and TOMGRO (Fig. 7). Both models under 
estimated dry matter production in Experiment 4 (Montfavet) by about 35% (Fig. 8). 
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Fig. 7. Measured (•) and simulated ( TOMSIM; TOMGRO) total dry weights for 
Experiment 1 (A), Experiment 2 (B) and Experiment 3 (C). Vertical bars indicate standard 
errors of mean (n=6) larger than symbols. 
higher than in the control greenhouse. TOMSIM simulated this effect to be 15%, 
whereas in TOMGRO C02 enrichment resulted in only 3% increase in dry matter 
production. 
It was surprising that both models showed almost the same simulation curves in all 
four experiments (Fig. 7 and 8). The slightly lower values for TOMGRO result from a 
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Fig. 8. Measured (•) and simulated (- • TOMSIM; TOMGRO) total dry weights for 
Experiment 4 without (A) and with C02 enrichment (B). Vertical bars indicate standard errors 
of mean (n=10) larger than symbols. 
5-25% lower gross photosynthesis rate (Fig. 3) combined with a 4% higher Cf and 
a somewhat lower Rn, (Fig. 5). At low dry weights R„, is relatively less important and 
thus differences in dry matter production rate between the two models are larger for 
young crops in all four experiments. In the last part of Experiment 1 dry weights are so 
high and R„ is therefore so important, that final crop dry weight simulated by 
TOMGRO exceeds final dry weight simulated by TOMSIM. 
It should be emphasised that in the present validation, only the crop gross photosyn-
thesis, the conversion efficiency, and the maintenance respiration coefficients were 
tested, as LAI, dry weights (in order to calculate Rn,) and dry matter partitioning (to 





Both models showed almost the same simulation curves in the four validation experi-
ments. However this does not mean that there are no differences between TOMSIM 
and TOMGRO. It has been shown that a higher crop photosynthesis rate in TOMSIM 
might be compensated for by a higher Cf and a lower R„ in TOMGRO. The description 
and the sensitivity analysis of TOMGRO and TOMSIM concerning dry matter produc-
tion, emphasise many differences. In TOMSIM, more detailed models are integrated 
for simulation of light distribution within the canopy, and single leaf photosynthetic 
processes. In TOMGRO, no distinction is made between direct and diffuse light and 
between sunlit and shaded leaf area. It is clear that the models differ in two ways: some 
different parameter values and a different way of modelling (different underlying 
hypotheses). The former can be changed easily (e.g. Cf 0.75 or 0.72), whereas in the 
latter the essence of a model is involved (e.g. light interception in a crop and leaf 
photosynthesis module). 
In TOMGRO the constant linear relationship between maximum photosynthesis and 
C02 concentration is questionable as C02 saturation in photosynthesis usually is 
observed at quite low C02 concentrations (1000-1500 umol mol'1; Madsen, 1971; 
Nilsen et al., 1983). C02 use efficiency (t) is a fixed value in TOMGRO, whereas it 
showed a saturation-type response curve with PPFD (Augustine et al., 1976; Acock, 
1991). The proportionality between maximum photosynthesis and C02 concentration 
explains why crop photosynthesis rate as calculated by TOMGRO shows no strong 
saturation in its response to C02 (Fig. 4B). As increase in C02 concentration inhibits 
photorespiration, photosynthesis will increase with C02 concentration even at low 
PPFD (e is affected by C02; Nilsen et al., 1983). This effect is modelled in TOMSIM, 
but is absent in TOMGRO. Therefore, C02 effects at low PPFD's are predicted 
wrongly by TOMGRO (Fig. 8). 
The sensitivity analysis on some model parameters (Fig. 6) shows that an over-
estimation of e always, and an over-estimation of k in most cases, will lead to an over-
estimation of crop gross photosynthesis rate. In TOMGRO a fixed value of 0.0645 mol 
C02 mol'1 photon of incident PPFD is used, which is almost equal to 0.0687 mol C02 
mol'1 photon absorbed, calculated by TOMSIM at a C02 concentration of 500 
umol mol"1 and 20°C, assuming a light absorption by the leaf of 90%. At other condi-
tions differences will be larger, as TOMGRO uses a fixed e, whereas in TOMSIM e is 
influenced by both C02 and temperature. Light extinction coefficient has a somewhat 
different meaning in TOMGRO compared with TOMSIM, as in TOMGRO k is an 
average for diffuse and direct radiation, whereas in TOMSIM k for direct radiation is 
calculated from the one for diffuse radiation. 
The systematic under-estimation by both models of dry matter production in 
Experiment 4 by about 35%, is hard to explain. In the polycarbonate greenhouses 
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almost all light was diffuse. The k value used in TOMGRO is an average for diffuse 
and direct radiation, and therefore too low in a situation with only diffuse light. In 
TOMSIM the fraction diffuse light was calculated based on hourly outside global 
radiation measurements. A fixed fraction of 1 for diffuse light resulted in a 10% 
increase in total dry matter production with TOMSIM, so this could only partly explain 
the under-estimation. Cultivar differences may be important, as e.g. Augustine et al. 
(1976) and Gosiewski et al. (1982) observed genotypic differences in x and Pg^ ax-
However, it seems unlikely that this can completely explain the large under-estimation 
by both models. 
As mentioned earlier, the input for the validation experiments was hourly estimates 
of PPFD inside the greenhouse generated by TOMSIM from outside daily global 
radiation integrals (Experiments 1, 2 and 3) or inside hourly PPFD measurements 
(Experiment 4). For temperature and CO2 average daily values were used, neglecting 
daily fluctuations. In this way, model comparison was not influenced by differences in 
the input. The simulation results obtained in this way may systematically over-estimate 
the measurements, because photosynthesis shows a saturation-type response with 
PPFD and usually lowest CO2 concentration and highest PPFD during the day coin-
cide. 
For Experiment 4 this potential discrepancy was analysed with TOMSIM. Daily 
input on average lead to an over-estimation of 7% (maximum on a particular day was 
25%) in daily gross crop assimilation rate over the whole period, compared with 
hourly input of PPFD, CO2 concentration and temperature. Cumulative total dry 
weight was on average over-estimated by 6% (reaching a maximum of 8%). When a 
comparison was made between daily input and hourly input only for PPFD, using 
average 24 h temperatures and average daily CO2 concentrations, gross crop assimila-
tion rate was over-estimated by 2% (maximum on a particular day was 9%) over the 
whole period. For cumulative total dry weight these over-estimations were 2% and 3% 
respectively. It is concluded that due to the non-linear response of crop photosynthesis 
to PPFD and CO2, it is necessary to simulate using hourly inputs rather than daily 
values, as differences between the two methods may be appreciable. The latter conclu-
sion depends on the size of fluctuations in CO2 and the distribution of radiation over 
the day. Over longer periods, errors made by using daily radiation integrals instead of 
hourly values are quite small, but daily differences can be large. 
In both models the water and mineral status of the plants is assumed to be optimal for 
crop growth. Bakker (1991) showed that air humidity only has a small influence on 
photosynthesis at vapour pressure deficits normally occurring in greenhouses. How-
ever, Acock et al. (1976) observed a leaf photochemical efficiency (e) which was 18% 
higher at a water vapour pressure deficit of 0.5 kPa than at 1.0 kPa. Water stress can 
severely reduce photosynthesis rates and the influence of water stress on plant 
photosynthetic production is very complex (reviewed by Slavik, 1975). 
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Ontogenetic effects on leaf photosynthesis rates (mainly on P^ max) are well known 
(Besford etal., 1990; Ho and Shaw, 1977; Peat, 1970), but are not taken into account 
in either one of the models. E.g. light-saturated leaf photosynthetic rate increased with 
leaf expansion till 25% of final leaf area and then decreased to only half of this peak 
level in fully expanded leaves, grown and measured at a C02 concentration of 300 
umol mol"1 (Besford etal., 1990). 
Several authors (Besford et al., 1990; Nilsen et al., 1983; Peat, 1970) have ob-
served different leaf photosynthesis rates at the same conditions, depending on the 
growth conditions of the plants before measurements. For example, Besford et al. 
(1990) reported a reduction by approximately 50% in light-saturated photosynthetic 
rate of fully expanded leaves of plants grown at 1000 umol mol"1, compared with 
plants grown at 300 umol mol"1. This reduction was associated with a decrease in 
ribulose-l,5-èwphosphate carboxylase protein content of the same magnitude. This 
acclimatisation is not modelled in TOMSIM or TOMGRO, just as there is no sink 
control of photosynthesis rates (feedback inhibition) in either model. Many authors 
(e.g. Gucci and Flore, 1989; Shaw et al., 1986) have shown that photosynthesis is 
inhibited when demand for photosynthate is decreased. However, it is not known how 
often and how strongly periods of decreased photosynthesis occur in practice due to 
lowered sink demand. Marcelis (1991) observed that the rate of leaf photosynthesis of 
cucumber leaves was not depressed when some fruits were removed, but only when all 
fruits were removed, which is not a normal condition for a greenhouse crop. 
Crop structure is not included in either one of the models. Both models assume a 
homogeneous leaf canopy, whereas tomatoes are usually grown in rows. However, 
Gijzen and Goudriaan (1989) showed in a model study that crop structure hardly 
influenced photosynthesis rate when the path width was in the order of <30% of the 
row height. Note that Gijzen and Goudriaan (1989) assumed all leaves to have the 
same photosynthetic characteristics. Effects of crop structure are expected to be larger 
if the lower leaves had a much lower e and/or P.m,x. 
Conclusions 
Both models performed the same in four validation experiments. However, in 
TOMSIM CO2 effects are modelled in a more realistic way. It is a more explanatory 
model, concerning leaf photosynthesis and light distribution in the crop. With respect 
to crop photosynthesis and dry matter production TOMGRO is a simple model, which 
can be easily used for yield prediction under practical conditions (except for CO2 
effects), whereas TOMSIM is more explanatory and therefore more suited for extrapo-
lation and as a research tool. 
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5.1. Effect of fruit load 
Abstract 
Greenhouse experiments, in which tomato plants were grown for about 100 days at 
different levels of fruit removal, showed a strong influence of fruit load on assimilate 
partitioning between vegetative and generative plant parts. The fraction of dry matter 
distributed to the fruits (Ffhiiu) in the last weeks of the experiments when an (almost) 
constant distribution of dry matter was reached, could be described accurately by a 
saturation-type function of number of fruits retained per truss (nf): Fftuits= nf/(2.96+nf). 
Hence, generative sink strength was proportional to the number of fruits (range: two 
to seven fruits per truss) and the average sink strength of a vegetative unit (three 
leaves and stem internodes between two trusses) was 2.96 times the average sink 
strength of one fruit. In an experiment with two treatments, i.e. no truss pruning or 
every other truss removed at anthesis, the average fraction of dry matter distributed to 
the fruits, over a time interval between two destructive measurements, increased with 
average fruit number on the plant (Nf) during this time interval according to: 
Ffiniu = Nf/(24.2+Nf), which is in agreement with the relationship between Fwu and nf. 
Weight of individual fruits decreased with increasing number of fruits per plant, 
albeit less than proportional. 
Introduction 
It is generally agreed that distribution of assimilates among sinks is primarily regulated 
by the sinks themselves (Gifford and Evans, 1981; Farrar, 1988; Ho, 1988; Marcelis, 
1996). Therefore, in fruit crops, fruits are expected to play an important role in bio-
mass allocation, as fruits are the major sinks in these crops (Marcelis, 1992; De 
Koning, 1993). Indeed, for several fruit crops, a strong influence of fruits on dry 
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matter partitioning between fruits and vegetative plant parts has been observed, e.g. 
apple (Heim et al, 1979), citrus (Lenz, 1979), cucumber (Ramirez et al, 1988a; 
Marcelis, 1993a), egg plant (Lenz, 1970), strawberry (Lenz and Bünemann, 1969), 
sweet pepper (Hall, 1977) and tomato (Hurd et al, 1979; De Koning and De Ruiter, 
1991). Enhanced fruit growth at the expense of vegetative growth, when the number 
of fruits per plant was increased, has been reported for all these crops. A high fruit 
yield is desirable and therefore a high biomass allocation to the fruits is important. 
However, as allocation to the fruits is at the expense of vegetative growth, which is 
needed for formation of leaf area and hence light interception, a too high allocation of 
biomass to the fruits will affect the future production capacity adversely. Furthermore, 
a too high fruit load and hence sink-source ratio, may result in flower and/or fruit 
abortion (Marcelis, 1994b; Benin, 1995). 
The objective of this study is to get a better understanding of the influence of fruits 
on dry matter partitioning between fruits and vegetative parts in tomato. An important 
question is whether generative sink strength is proportional to the number of fruits on 
a truss, as assumed by Heuvelink and Marcelis (1989). The term sink strength is used 
here to describe the competitive ability of an organ to attract assimilates (Wolswinkel, 
1985). Sink strength can be quantified by the potential growth rate of a sink, i.e. the 
growth rate under conditions of non-limiting assimilate supply (Heuvelink and Mar-
celis, 1989; De Koning, 1994; Marcelis, 1994b). The role of fruits in dry matter 
partitioning is studied at plants grown at different levels of fruit removal. When, for 
'indeterminate' tomato, the number of fruits per truss is imposed, it is expected that 
after fruit harvest has commenced a constant fraction of dry matter will be partitioned 
to the fruits, as fruit removal (harvest) and fruit appearance will be in balance. This 
constant fraction (steady-state partitioning), reached after fruit harvest has commenced 
and at constant number of fruits per truss, is an important parameter to quantify the 
effect of fruit pruning. 
Materials and methods 
Experimental data were taken from fruit pruning experiments described before 
(Experiments 1-6 from Chapter 3.1 and Experiment 14 from Chapter 4.2). In these 
experiments periodic destructive measurements were conducted. 
Calculated fraction of dry matter partitioned into the fruits (FWö) was smoothed 
over time according to Poorter (1991): 
Ffiuits,i - /4 
f
 FWi+1 - FWi.i FWi+2 - FWi ^ 
^ W i+i-Wi., Wi+2-Wi J 
for i = 2, 3, ..., n-2 [1] 
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where FW is the cumulative fruit dry weight, W is the cumulative total plant dry 
weight, and indices represent the number of a harvest (destructive measurement) and n 
the total number of harvests. For the first and the last interval, eqn [1] is not valid. For 
the first interval (i=l), Ffo,^  was calculated as: 
FWi+i - FW; 
Ffiuiu,i = [2] 
W w - W i 
The last interval (i=n-l) was ignored, as eqn [2] provided here sometimes results 
largely differing from the one but last interval, due to variation among plants which 
could not be averaged with eqn [1]. 
The steady-state fraction of dry matter partitioned into the fruits was estimated by 
the average of the fraction partitioned into the fruits over the period between the last 
(n) and (n-2) harvest and over the period between the (n-1) and (n-3) harvest. 
If sink strength determines dry matter distribution, the fraction of dry matter parti-
tioned to the fruits ( F ^ ) may be calculated as generative sink strength (SSge„) divided 




^^gen ' J^veg 
[3] 
If the number of fruits on a plant is varied without influencing the age distribution of 
the fruits, it may be assumed that generative sink strength is proportional to the 
number of fruits on the plant (Nf): 
SSge^NfxSStoi, [4] 
where SSfiuit is the average sink strength of a fruit on the plant. Eqn [3] and [4] can be 
combined to: 
Nf 
Ffruits — [5] 
Nf + SSveg/SSfmit 
If Nf is divided by the number of trusses on the plant and each truss has the same 
number of fruits, this results in: 
nf 
Ffruite = [6] 
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Days after planting 
Fig. 1. Fraction of dry matter partitioned into the fruits as a function of days after planting for 
several fruit pruning treatments: 2 (A), 3 (A), 4 (•), 5 (O), 6 (•) and 7 (•) fruits per truss: 
Experiment 4 (•,•,•) and Experiment 14 (A,O,0). 
where nf is the number of fruits per truss and SSVeg.unit is the average sink strength of a 
vegetative unit (three leaves and internodes between two trusses). It is implicitly 
assumed that the number of growing vegetative units equals the number of growing 
trusses. As 'indeterminate' tomato plants form a truss after every three leaves 
(Chapter 2), the formation rate of vegetative units equals the formation rate of trusses. 
In agreement with De Koning (1994), also the development rate of a vegetative unit is 
assumed to be equal to that of a fruit. Hence, stem growth below the highest truss 
from which fruits are harvested is ignored. 
Results 
Increasing the number of fruits per plant strongly enhanced the biomass allocation to 
the fruits (Chapter 3.1, Fig. 2 and Table 3), whereas total dry matter production was 
hardly affected (Chapter 3.1, Table 2). 
Fraction partitioned into the fruits showed a saturation-type response with time in 
all experiments. This means a steady-state partitioning was reached. For Experiment 4 
and Experiment 14 this is shown in Fig. 1. Steady-state partitioning to the fruits 
increased with the number of fruits per truss (Fig. 2), albeit less than proportional. 
Weight of individual fruits decreased significantly with the number of fruits per 
plant (Table 1), except for Experiment 6 and at low fruits numbers (one, two or three 
fruits per truss in Experiments 1 and 2 and one or two fruits per truss in 
Experiment 3). Individual fruit weight decreased less than proportional with increasing 
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0.8 
0.0 
Number of fruits per truss 
Fig. 2. Steady state fraction of dry matter partitioned into the fruits as influenced by fruit 
thinning just after fruit set for each truss (achieved average number of fruits per truss): (O) 
Experiment 1; (•) Experiment 2; (D) Experiment 3; (A) Experiment 4 and (•) Experiment 14. 
Solid line represents regression curve (eqn [6]): y = x/(x+2.96), n=12, r2 = 0.87 and standard 
error of regression is 0.04. 
Table 1. Effect" of fruit removal on average final dry weight for trusses 1-5 (experiments from 
Chapter 3.1). 


































" Means within the same experiment with different superscript letters are significantly different 
(P=0.05) according to Student's f-test. 
y
 In Experiments 1-3 numbers refer to number of fruits per truss; in Experiment 5, 
-50% trusses refers to removal of every other truss at anthesis; in Experiment 6, 50-50 and 
100-0 refer to double-shoot plants with, on one shoot, all even-numbered trusses and, on the 
other shoot, all uneven-numbered trusses removed at anthesis (50-50) or no trusses removed 
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Number of fruits per plant 
Fig. 3. Fraction of total dry matter production distributed to the fruits for each time interval 
between two destructive harvests as a function of number of fruits on the plant averaged over 
the same time interval. Data from Chapter 3.1 (Experiment 5), (•) no truss pruning or (O) 
every other truss removed at anthesis, seven fruits per truss. Solid line represents regression 
curve (eqn [5]): y= x/(x+24.2), n=18, r = 0.89 and standard error of regression is 0.07. 
fruit number. Hence, total fruit yield increased less than proportional with increasing 
fruit number (not shown). 
After anthesis of the first truss, the number of fruits on a tomato plant will increase 
until first harvest. This increase of fruits on a plant, resulting from the formation of 
new trusses, gave rise to an increase in biomass allocation to the fruits (Fig. 3). The 
relationship between fruit number on the plant and dry matter distribution to the fruits 
could be described by one equation for plants with or without removal of every other 
truss at anthesis (Fig. 3). 
Discussion 
The good fit of eqn [6] to the data (Fig. 2) validates the hypothesis, that generative 
sink strength is proportional to the number of fruits (range: 2-7 fruits per truss) and 
that the ratio between the average sink strength of a vegetative unit and the average 
sink strength of a fruit has a constant value of 2.96. This value has also been reported 
by De Koning (1994) at a temperature of 20°C. In our experiments, average tempera-
ture was 20-2TC (Chapter 3.1, Table 1 and Chapter 4.2, Table 3). At high fruit 
numbers per truss, the generative sink strength is no longer proportional to the number 
of fruits per truss. In fact, De Koning (1994) observed a relatively low potential fruit 
weight (final weight of fruits grown at non-limiting assimilate supply) for the distal 
fruits on a truss (position 6 and 8 were measured). Obviously, the sink strength of a 
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fruit or a vegetative unit is not constant (De Koning, 1994), but depends on develop-
mental stage of that organ. Fig. 2 rather implies that there is a constant ratio between 
the average sink strength of a vegetative unit and the average sink strength of a fruit. 
The constant in eqn [5] was 24.2 (Fig. 3), in other words, total vegetative sink 
strength was 24 times the average sink strength of a fruit. The number of growing 
vegetative units on a tomato plant is about 8 (De Koning, 1994). Hence, average sink 
strength of a vegetative unit is 3 times (24 divided by 8) the average sink strength of a 
fruit. This value equals the constant in eqn [6] (Fig. 2).Values for vegetative sink 
strength in eqn [5] (Fig. 3) and eqn [6] (Fig. 2) are thus consistent with each other. 
Heuvelink and Marcelis (1989) used a constant value of 3.0 g d"1 for total plant 
vegetative sink strength in their distribution model, and simulated average sink strength 
of a fruit was 0.129 g d~\ These values are in good agreement with the present results: 
the average sink strength of a fruit results in 0.129 x 2.96 (ratio between vegetative 
unit and one fruit) x 8 (number of growing vegetative units) = 3.0 g d"1 total plant 
vegetative sink strength. 
Dry matter partitioning to the fruits was to a large extent determined by the number 
of fruits on the plant (Figs. 2 and 3). Fraction partitioned into the fruits was almost 
doubled when fruit number increased from two to seven per truss (Fig. 2). Hence, fruit 
number appeared to be a main determinant for dry matter partitioning between fruits 
and vegetative plant parts in tomato, as temperature (19-23°C) and irradiance 
(8-15 MJ m"2 d'1) hardly influenced partitioning (Chapter 2; Experiments 1-10). 
Enhanced fruit growth in tomato at the expense of vegetative growth, with increasing 
number of fruits per plant, was also reported by Hurd et al. (1979) and De Koning and 
De Ruiter (1991). Despite a lower fraction of biomass allocated to the fruits, fruit 
pruning may increase dry matter production to such an extent that total fruit yield does 
not change (Hurd et al, 1979, second experiment) or even increases, as has been 
observed for eggplant (Lenz, 1970) and predicted for tomato by De Koning (1994). 
This, however, will only occur when the amount of light intercepted by the crop is 
reduced significantly at a higher fruit number. In Chapter 3.1 no decrease in total 
biomass production at higher number of fruits per plant was observed as leaf area 
index was high, which is likely to have resulted from the rather low maximum number 
of fruits (7 fruits per truss) in these experiments, compared to 9-11 fruits per truss in a 
commercially grown crop (De Koning, 1994). 
An increased individual fruit weight at decreased fruit number per plant reflects 
competition for assimilates among fruits. An increase in weight of individual fruits at 
decreased number of fruits per plant was also observed by other authors for several 
crops, e.g. tomato (Slack and Calvert, 1977; Hurd et al, 1979; De Koning, 1994; 
Cockshull and Ho, 1995), citrus (Lenz, 1979), cucumber (Marcelis, 1993 d) and 
eggplant (Lenz, 1970). This increase in weight results from a higher average growth 
rate of individual fruits, as fruit growth period (time from anthesis until harvest-ripe) 
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was hardly affected by fruit load (De Koning, 1994). In Experiment 6, individual fruit 
dry weight was not influenced statistically significant by the number of fruits per plant, 
although the 50-50 treatment showed a 17% higher individual fruit dry weight com-
pared with the control treatment in which double the number of fruits per plant were 
grown (Table 1). Apparently, in the control treatment fruits were already growing at 
(almost) their potential rate, i.e. assimilate supply was not limiting fruit growth, 
possibly because of pruning of all trusses to only five fruits per truss. 
The largest effect of fruit load on final fruit dry weight and thus average fruit 
growth rate (no influence of fruit load on fruit growth period), was observed in 
Experiment 1: reducing fruit number per truss from seven to one almost doubled final 
fruit weight (Table 1). The degree to which organ growth is influenced by the assimi-
late supply differs among genotypes (Winzeler et al, 1989). Indeed, reaction of 
growth rate of a fruit to variation in assimilate supply is small compared with the 
reaction in some other crops: in cucumber growing one instead of seven fruits on a 
plant tripled average final weight of a fruit (Marcelis and Heuvelink, 1990), in eggplant 
a reduction in fruit number per plant from four to two doubled dry weight of a fruit 
(Lenz, 1970) and in strawberry average dry weight of a fruit was doubled for plants 
which produced 48 fruits (three production cycles of 16 fruits each) compared to 
plants which produced 12 fruits (three cycles of four fruits; Lenz and Bünemann, 
1969). Apparently, growth of a tomato fruit is less influenced by assimilate supply than 
growth of cucumber, eggplant and strawberry fruits, suggesting less severe competi-
tion for assimilates. In fact, De Koning (1994) reported a source/sink ratio, averaged 
over a whole growing season, of 0.5 for tomato, whereas Marcelis (1994b) reported a 
value of 0.35 for cucumber, supporting the idea of a stronger source limitation in 
cucumber. 
Although the same equation could describe the relationship between fruit number 
on the plant and fraction of dry matter partitioned into the fruits in the treatments of 
Fig. 3, this certainly does not imply that the number of fruits on a plant as such would 
determine dry matter allocation to the fruits. Fruit sink strength depends strongly on its 
developmental stage (Heuvelink and Marcelis, 1989; De Koning, 1994). However, 
when the plant development is normal, a strong correlation between fruit number and 
average fruit age (developmental stage) exists. As average fruit developmental stage of 
the fruits for both treatments in Fig. 3 was roughly the same, the same relationship 
between fruit number and dry matter distribution to the fruits was observed. 
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Heuvelink E. J 995. Dry matter partitioning in a tomato plant: one common assimilate 
pool? Journal of Experimental Botany 46:1025-1033. 
Abstract 
Influence of the distance (transport resistance) between source and sink on dry matter 
distribution between fruits and vegetative parts in tomato was studied. In two green-
house experiments, a control treatment (single-shoot plants, no truss removal) was 
conducted, together with two double-shoot treatments: double-shoot plants with no 
trusses removed from one shoot and all trusses removed at anthesis from the other 
shoot (100-0) and double-shoot plants with every other truss removed from both 
shoots (50-50). Plant growth and dry matter distribution was recorded by periodical 
destructive measurements, during a period of about 100 days after anthesis of the first 
truss. In Experiment 2, plants were probably sink-limited. At the end of both experi-
ments, 58-60% of dry matter was in the fruits for control plants, whereas for both 
double-shoot treatments this was 43% (Experiment 1) or 38% (Experiment 2). Until 
60-65 days after first flowering, vegetative growth of the individual shoots in both 
double-shoot treatments was the same. Results supported the assumption of one 
common assimilate pool and showed no significant influence of distance (transport 
resistance) between source and sink on dry matter partitioning. 
Introduction 
The simulation of dry matter distribution is one of the weakest features of crop growth 
models (Challa, 1985; Evans, 1990). The mechanism by which assimilates are distrib-
uted is only poorly understood (Farrar, 1988, 1992; Wardlaw, 1990). Therefore 
explanatory models often give way to empirical ones when they deal with the distribu-
tion of assimilates (Evans, 1990). Marcelis (1993c) concluded from his review of six 
model approaches of biomass allocation, that simulation of dry matter distribution 
based on the concept of demand functions (potential growth rate of sinks) or relative 
sink strengths seems promising. The approach of demand functions has some mecha-
nistic aspects and can be used to model dry matter distribution between any plant part 
(Marcelis, 1993c). 
In mechanistic models for the simulation of dry matter partitioning, the plant is of-
ten described as a set of sink organs, which derive their assimilates for growth from 
one common assimilate pool (De Koning, 1994; Heuvelink and Marcelis, 1989; Jones 
153 
Chapter 5.2 
et al, 1991; Lieth and Pasian, 1991; Marcelis, 1994b). This would mean that the plant 
is not compartmentalized in source-sink units and that transport resistance along the 
pathway from source to sink would not affect dry matter partitioning. It agrees with 
the general opinion that phloem itself does not limit translocatory flux (Wardlaw, 1990; 
Farrar, 1992). However, Cook and Evans (1978) showed an interaction between 
distance and sink size (the number of grains remaining on an ear of wheat) in transloca-
tory fluxes. Also, the assumption of one common assimilate pool may not be valid for 
tomato as it is known that assimilates produced in the leaves are preferably distributed 
to the sinks nearby. According to Ho and Hewitt (1986), supply of assimilates from 
leaves to trusses in a multitruss tomato plant is rather localized, the three subtended 
leaves of a truss being the principal suppliers (Shishido and Hori, 1977). A truss 
together with the three leaves immediately below it has been regarded as a sink-source 
unit (Tanaka and Fujita, 1974), although this relationship is not absolute. Slack and 
Calvert (1977) showed that removing a truss at anthesis resulted in yield increases on 
some of the remaining trusses both above and below the one removed. 
The aim of the present work was to investigate the validity of the assumption of one 
common assimilate pool for the tomato plant and a negligible role of phloem resis-
tances within the plant in the partitioning of assimilates. As fruits are the major sinks in 
a tomato plant (Chapter 5.1), comparing dry matter partitioning between plants with 
the same growth rate and fruits in the same developmental stage, positioned differently 
on these plants, seems appropriate here. Therefore, plants with two shoots were grown 
and periodic destructive dry weight measurements were conducted for this purpose. In 
case of one common assimilate pool, fruit and vegetative growth should not differ 
between plants with all trusses left on one shoot and all trusses removed at anthesis 
from the other and plants with every other truss removed at anthesis on both shoots. If 
the assumption of one common assimilate pool is not valid, a higher fruit growth 
would be expected in the latter treatment, because of a better distribution of the trusses 
over the plant. Single-shoot plants (control) were grown as well, because it had to be 
tested whether an increase in leaf area per truss (double-shoot plants with truss prun-
ing) increased truss weight. Were this not so, no transport of assimilates from one 
shoot to the other in the double-shoot plants would be necessary for reaching the same 
truss weights in both double-shoot treatments. 
Materials and methods 
Experiments (general) 
Both experiments were conducted in a 12.8 m x 12 m compartment of the multispan 
Venlo-type glasshouse of the Department of Horticulture (Wageningen, The Nether-
lands, lat. 52°N). About two weeks after sowing Lycopersicon esculentutn cv. Counter 
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Table 1. Sowing, planting and ending dates, number of plants per treatment in each destructive 
measurement (n) average global radiation outside the greenhouse and mean, minimum and 




Sowing Planting End of n Global Temperature (°C) 
date date Experiment radiation 
(MJ m"2 d"1) Mean Minimum Maximum 
4Jun. 19 Jul. 2 Nov. 4 11.5 20.8 18.0 26.9 
8 Jan. 8 Mar. 7 Jun. 3 15.8 20.3 17.7 24.4 
(De Ruiter Seeds, Bleiswijk, The Netherlands) in trays filled with a commercial potting 
soil, plants were pricked out in 12 cm plastic pots filled with the same potting soil and 
placed on benches. When the first truss was flowering, plants were transferred to 
another glasshouse compartment, where they were grown in soil. Plants were trained 
according to the high-wire system (Van de Vooren et al., 1986). Experiments ended 
soon after the plants reached the high-wire at 2.7 m above ground level. Sowing dates, 
planting dates and termination dates are given in Table 1. Plants were grown in rows 
(row distance 0.8 m, within-row distance 0.6 m in Experiment 1, treatment-dependent 
in Experiment 2) and all trusses were pruned to seven (Experiment 1) or five 
(Experiment 2) fruits per truss just after fruit set. 
Temperature set-point was 18°C day and night. Temperature was measured by 
PT500-elements (Jumo, Fulda, Germany) and recorded every 5 min by a commercial 
DAKO computer system (Hoogendoorn, 's Gravenzande, The Netherlands). Plant 
nutrition and chemical pest and disease control were conducted according to Anony-
mous (1986). Flowers were pollinated three times a week with the aid of an 'electric 
bee'. 
Periodically, plants were selected at random for destructive measurements. Fresh 
and dry weights (ventilated oven; 60°C for at least one week) of leaves (including 
petioles), stem, individual fruit trusses (including peduncles), removed leaves and 
picked fruits were determined. Leaves below the lowest truss still on the plant, were 
removed two (Experiment 1) or four (Experiment 2) times during an experiment. 
Fruits were picked three times a week, when they started to colour. Samples dried at 
60°C contain more water than those dried at 105°C, the internationally accepted 
standard for determination of dry weight. Measured fruit dry weights were divided by 
1.12 to correct for this higher water content, whereas for leaves and stem this differ-
ence was not significant (only 1-2%) and therefore was ignored (Chapter 2). Shoot 
length and the number of visible trusses (> 0.5 cm) were recorded, as were number of 
set fruits per truss in Experiment 1. Unfortunately, due to growing in soil, measure-
ments on the root system were not feasible. The plants used in the destructive meas-
urements, were guarded by single-shoot plants not used in the experiment and were 
replaced by spare plants of the same size, grown in 25 1 containers to prevent modifi-













Control 50-50 100-0 
Fig. 1. Schematic representation of the treatments. In Experiment 1 (A) a second shoot 
originated from the axillary bud in the leaf axil just below the first truss and in Experiment 2 
(B) both shoots originated from the cotyledon axillary buds. 
Experiment 1 
Plants with two shoots were obtained by leaving the axillary shoot from the axil just 
below the first truss on the plants. This side-shoot was guided straight upwards, 
whereas the main axis was guided side-wards, as much as needed, to obtain two shoots 
of equal height. Three treatments were conducted: a control treatment (no side-shoot), 
a double-shoot plant with no trusses on the axillary shoot (100-0) and a double-shoot 
plant where all uneven-numbered trusses were removed from the main axis as well as 
from the axillary shoot at truss anthesis (50-50) (Fig. 1A). As plant density was the 
same (2.1 m'2) in all three treatments, the plants with two shoots were grown at a 
higher shoot density then the control plants. Shoot density was not exactly doubled, as 
all guard plants were single-shoot plants. Experimental set-up was a randomized block 
design with four blocks. Every 7 to 22 days from each block one plant per treatment 
was taken for destructive measurements. 
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Experiment 2 
Plants with two shoots were obtained by decapitation of seedlings 12 days after 
sowing. After pricking-out, plants with two uniform shoots from cotyledon axillary 
buds were selected. Three treatments were conducted: a control treatment, where one 
of the two axillary shoots was removed, a double-shoot plant with no trusses on one 
shoot and all trusses left on the other shoot (100-0) and a double-shoot plant with on 
one shoot all even-numbered trusses and, on the other shoot, all uneven-numbered 
trusses removed at anthesis (50-50) (Fig. IB). Number of shoots m"2 was kept constant 
in this experiment, resulting in a plant density of 2.5 m'2 (within-row plant distance 
0.5 m) for the control and 1.3 m'2 for the double-shoot systems. For every treatment, 
two plots (2 or 2.5 rows of 9 m) were present in the glasshouse, and every 9 to 14 
days two plants were taken from each plot for destructive measurements. Guard plants 
received the same treatment as plants used in the measurements. Double-shoot plants 
used in the measurements were replaced by two single-shoot spare plants. 
Results 
Plant development and plant length 
Dry matter partitioning changes with plant development (Chapter 2) and therefore it 
was relevant to test whether plant development was the same in all treatments. Plant 
developmental stage is usually expressed by the plastochron index. As in tomato the 
ratio between number of leaves and number of trusses is almost constant (Chapter 2), 
number of visible trusses can be used as a measure for plant development. In Experi-
ment 1, the number of visible trusses on the side shoots was two less than the number 
of visible trusses on the main axis (Fig. 2A), otherwise the two double-shoot treat-
ments showed no differences in number of visible trusses over time for main shoots and 
for side shoots (Fig. 2A). Development of the main shoots was equal to that of the 
control plants (Fig. 2A). In Experiment 2, no differences in truss appearance rate 
between the different shoots were observed (Fig. 2B). 
In Experiment 1, the number of fruits per truss was lower than desired, as a result 
of flower abortion and/or poor fruit set (Table 2). No large differences in fruit number 










































































Day of year Day of year 
Fig. 2. Number of trusses visible, as a function of day of the year (day 1 = 1 January): 
(A) Experiment 1, main axis (•.•,A) and side shoot (D,A), (•) control, (ßt0) 50-50 and (A,A) 
100-0; (B) Experiment 2, (•) control, (•) 50-50 and (A) 100-0 ( • and A are averages of two 
shoots). Vertical bars indicate standard error of mean, when larger than symbols. 
between treatments were observed (Table 2). In a few instances, trusses consisted of 
more than seven fruits, as these were missed when pruning (Table 2). In Experiment 2, 
fruit numbers per truss were not recorded, but as desired number was only five fruits 
per truss, achieved numbers are likely to have been close to the desired number. 
Table 3. Shoot length and average distance between trusses (shoot length divided by the 
number of visible trusses) 43 days (Experiment 2) or 50 days (Experiment 1) after planting and 













































































* For Experiment 2, 50-side shoot refers to shoot with all uneven-numbered trusses removed, 
whereas 50-shoot refers to the shoot with all even-numbered trusses removed. 
b
 LSD: Least significant difference (Student's Mest; P=0.05). 
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900 
Day of year Day of year 
Fig. 3. Cumulative dry weight per plant (A, Experiment 1; B, Experiment 2) as a function of 
day of the year (day 1 = 1 January): (•) control, (•) 50-50 and (A) 100-0. Vertical bars 
indicate standard error of mean, when larger than symbols. 
Shoot length was about 1.5 m in the middle of the cultivation period, whereas this 
was more than 3 m in all treatments at the end of both experiments (Table 3). Average 
distance between trusses was about 0.2 m (Table 3). 
Dry matter production 
In Experiment 1, dry matter production was lower for the control plants than for the 
plants with two shoots (Fig. 3A). Higher plant growth for the double-shoot plants 
resulted probably from higher shoot density (and thus higher leaf area) for these plants. 
This difference was large, which may have been the result of the use of single-shoot 
guard plants. Hence, the double-shoot plants could intercept more light then when they 
would have been grown in a complete double-shoot crop. No large differences in total 
plant growth between the two double-shoot treatments occurred, although there was a 
tendency for faster growth in the 100-0 treatment (Fig. 3 A). In Experiment 2, shoot 
density was equal for the three treatments. Total plant growth was the same for both 
double-shoot treatments, whereas plant growth rate of the control plants was about 
half that of the double-shoot plants (Fig. 3B). Hence, no large differences in dry matter 
production per unit ground area between the three treatments were observed (data not 
shown). 
Dry matter distribution to the fruits 




















220 260 300 70 110 150 
Day of year Day of year 
Fig. 4. Cumulative fruit dry weight per shoot as a function of day of the year (day 1 
= 1 January): (A) Experiment 1, main axis ( • , • , • ) and side shoot (D), (•) control, (B,D) 
50-50 and (A) 100-0; (B) Experiment 2, (•) control, (",D) 50-50: all even-numbered trusses 
removed or retained, respectively, and (A) 100-0. Vertical bars indicate standard error of mean, 
when larger than symbols. 
220 110 150 
Day of year Day of year 
Fig. 5. Cumulative fraction of total dry weight distributed to the fruits (A, Experiment 1 ; 
B, Experiment 2) as a function of day of the year (day 1 = 1 January): (•) control, (•) 50-50 
and (A) 100-0. Vertical bars indicate standard error of mean, when larger than symbols. 
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* LSD: Least significant difference (Student's f-test; P=0.05). 
However, as total dry weight increase differed between the treatments (Fig. 3A), the 
results may be better judged by expressing fruit dry weight increase relative to total dry 
weight increase on a per plant basis. Dry matter allocation to the fruits was higher in 
the single-shoot treatments than in the double shoot treatments in both experiments 
(Fig. 5). This may be the result of a higher ratio between number of fruits and number 
of leaves in the single-shoot plants (Chapter 3.1). At the end of Experiment 1, 60% of 
dry matter was distributed to the fruits in single-shoot plants, whereas this was 43% in 
both double-shoot treatments (Fig. 5A). In the 100-0 treatment soon after planting 
more assimilates were distributed to the fruits compared with the 50-50 treatment 
(Fig. 5 A). However, for the last four destructive measurements, the fraction of assimi-
lates distributed to the fruits was equal and constant for both treatments. As in Ex-
periment 1 the first truss was removed in the 50-50 treatment and not in the 100-0 
treatment, cumulative allocation ratios may be misleading and, therefore, the fraction 
of dry matter allocated to the fruits in the last growth period, when the plants showed a 
more or less stable distribution pattern (Fig. 5A) was calculated. Between day 271 and 
day 306 (last four destructive measurements), 74% of dry matter was distributed to the 
fruits in the control treatment, whereas this was 45% and 40% for the 50-50 and 100-0 
treatments, respectively. This means that only a small reduction in allocation to the 
fruits in the 100-0 plants compared with the 50-50 plants was observed. 
In Experiment 2, both shoots originated from cotyledon axillary buds and were, 
therefore, more alike than the main shoot and the side shoot in Experiment 1. At the 
end of the experiment, the same fraction of dry weight was distributed to the fruits for 
both double-shoot treatments (38%), whereas for the control plants this was 58% 
(Fig. 5B). Fruit growth was equal for both 50-50 shoots (Fig. 4B) and, except for the 
last measurement, fruit growth on the 100-shoot was equal to the fruit growth on the 
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control plants (Fig. 4B). The equal fraction of dry matter partitioned to the fruits for 
both double-shoot treatments in both experiments supports the assumption of one 
common assimilate pool. 
Mean fruit dry weight at the end of Experiment 2 was not significantly different 
between 50-50 and 100-0 treatments for the lowest three trusses (Table 4). However, 
for trusses 4 and 5 mean fruit weight was significantly higher for the 50-50 treatment. 
In Experiment 1, mean fruit dry weight on the second truss was higher for the 50-50 
treatment, but for the fourth truss no difference in mean fruit dry weight was observed 
between 50-50 and 100-0 treatments. 
Growth of the vegetative plant parts 
Dry weight increase of the vegetative plant parts was equal for the main shoots and for 
the side shoots for both double-shoot treatments in Experiment 1 until day 260 
(Fig. 6A). Later on, the side shoot in the 100-0 treatment (shoot without fruits) 
showed a higher increase in vegetative dry weight than the side shoot in the 50-50 
treatment (Fig. 6A). However, vegetative growth of the main shoot was somewhat 
decreased compared with the main shoot in the 50-50 treatment (Fig. 6A) and total 
plant growth was somewhat higher for the 100-0 treatment (Fig. 3 A). Hence, no 
significant difference in dry matter allocation to the fruits was observed between the 
double-shoot treatments (Fig. 5A). In Experiment 2, the dry weight increase of the 
vegetative plant parts was equal for all shoots until day 124 (Fig. 6B). After day 124, 
the 0-shoot (no fruits) showed higher vegetative dry weight gain than the 100-shoot 
and a reduction in vegetative dry weight increase of the 100-shoot, compared with the 
50-50 shoots was observed (Fig. 6B). As a result assimilate partitioning to the fruits 
was still similar for 100-0 and 50-50 treatments (Fig. 5B). At the end of both experi-
ments a lower SLA (specific leaf area) and a thicker stem were observed for the 
0-shoot compared with the 100-shoot (Table 5). 
Table 5. Specific leaf area (SLA) and stem dry weight per unit stem length for the individual 











































" For Experiment 2, 50-side shoot refers to shoot with all uneven-numbered trusses removed, 
whereas 50-shoot refers to the shoot with all even-numbered trusses removed. 
b
 LSD: Least significant difference (Student's /-test; P=0.05). 
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Fig. 6. Cumulative vegetative dry weight as a function of day of the year (day 1 = 1 January): 
(A) Experiment 1, main axis ( • , • » and side shoot (Ü,A), (•) control, (",0) 50-50 and (A,A) 
100-0 ( ); (B) Experiment 2, (•) control, (•,[]) 50-50 (all even-numbered trusses were 
removed or retained, respectively) and (A,A) 100-0 (all trusses were retained or removed, 
respectively; ( ). Vertical bars indicate standard error of mean, when larger than symbols. 
SLA of the 0-shoot was lower and stem was thicker at the end of the experiments 
compared with the average values for the two 50-50 shoots (Table 5). Average SLA 
was much higher and stem thickness was much lower for the control plants than for the 
double-shoot plants (Table 5). 
Discussion 
An important question for the interpretation of the experimental data is whether or not 
plants were sink-limited. In Experiment 2, fruit growth was not different for the 
control and the double-shoot plants (Fig. 4B), except for the last measurement, despite 
the larger leaf area per fruit in the latter plants. This suggests sink-limitation in these 
plants. Experiment 1 is less easy to interpret, as number of shoots per unit area differed 
between control plants and double-shoot plants and total plant growth was different 
between the treatments. Plants were probably source-limited, as they were grown in 
autumn (low irradiance; Table 1) and contained a higher number of fruits per truss 
compared with Experiment 2. Furthermore, some failures in flower development 
and/or fruit set were observed (Table 2), presumably associated with resource limita-
tion (Bertin, 1995). 
One common assimilate pool implies that dry matter partitioning is independent of 
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the distance (pathway resistance) between source and sink. In the present experiments, 
therefore, dry matter distribution should be equal for 50-50 and 100-0 treatments. 
Indeed, no differences were observed (Fig. 5), supporting the assumption of one 
common assimilate pool. As the number of visible trusses and the number of fruits per 
truss were equal over time for the 50-50 and 100-0 plants (Fig. 2 and Table 2), possi-
ble differences in dry matter partitioning between these two treatments had to originate 
from the position of the trusses on the plant. The high shoot length at the end of the 
experiments and the distances between trusses (Table 3), make it clear that absolute 
distance between source and sink was important in these plants. In the 100-0 treatment 
in Experiment 1 soon after planting more assimilates were distributed to the fruits 
compared with the 50-50 treatment (Fig. 5A), probably because the first truss was not 
removed from the main axis, unlike in the 50-50 treatment. 
Support for the assumption of one common assimilate pool also comes from equal 
vegetative growth for the shoots in the 50-50 and 100-0 treatments for a period of 
60-65 days from the start of the experiments (Fig. 6). When the 0-shoot would not 
experience complete sink strength from the fruits on the 100-shoot, vegetative dry 
weight increase of the 0-shoot would have been higher than for the 50-50-shoot or the 
100-shoot, as in Chapter 5.1 assimilate partitioning to the vegetative plant parts is 
clearly shown to increase with leaf-fruit ratio. As total dry weight increase was equal 
for the 50-50 and 100-0 treatments (Experiment 2; Fig. 3B) and sink strength influ-
ences dry matter production in tomato only in extreme cases (e.g. fruit pruning to only 
one fruit per truss; Chapter 3.1), it may be assumed that the 100-shoot produced 
assimilates at the same rate as each one of the 50-50 shoots. As total dry weight of the 
0-shoot was much lower than total dry weight of the 100-shoot (Fig. 6), there must 
have been assimilate transport from the 0-shoot to the 100-shoot. For example, at 
day 124 dry weight of the 100-shoot and the 0-shoot was 196 and 116 g, respectively 
(Figs. 4B, 6B). Equal dry matter production rates would mean a transport of 40 g dry 
matter from the 0-shoot to the 100-shoot. This implies 156 g dry matter produced on 
each shoot, which agrees very well with the dry weight of the 50-50 shoots (150 and 
147 g; Figs. 4B, 6B). At day 93 both shoots in the 100-0 treatment still had the same 
dry weight (25 g). Therefore, 40 g of dry matter was transported from the 0-shoot to 
the 100-shoot in a period of 31 days, which equals export of 31% of dry matter 
production in the 0-shoot over this period. Although plants were probably sink-limited 
in Experiment 2, data are still relevant. If the assumption of one common assimilate 
pool was not valid, and distance was an important factor in partitioning, then localized 
storage of assimilate excess in the 0-shoot is expected. However, this did not occur 
until 60-65 days after the start of the experiment (Fig. 6B). It was impossible to make 
similar calculations for Experiment 1, as total dry weight increase for the 50-50 and 
100-0 treatments was somewhat different (Fig. 3 A) and both shoots were not identical 
(one main axis and a side shoot). 
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The present results, showing no important influence of the transport path in the 
regulation of assimilate partitioning, agree with findings for several other species, such 
as straight-necked squash (Webb and Gorham, 1964), wheat (Passioura and Ashford, 
1974) and potato (Engels and Marschner, 1986). The latter authors concluded that, 
except for the initial phase of potato tuber development and growth, tuber growth is, 
to some extent, affected by transport resistance, but mainly determined by factors 
located within the sink itself. However, Cook and Evans (1978) showed an interaction 
between distance and sink size (the number of grains remaining on an ear of wheat) in 
translocation fluxes. Proximity to source conferred a marked advantage, and greater 
sink size was particularly important in securing assimilates from distant sources (Cook 
and Evans, 1978). 
Slack and Calvert (1977) removed one of the first nine trusses of a tomato plant as 
soon as possible after its appearance at the growing point (nine treatments and a 
control without truss removal) and all plants were 'stopped' by pinching-out the 
growing point so as to leave two leaves above the tenth truss. These authors explained 
the higher yield increases in trusses closest to the excised truss by assuming that the 
remaining trusses would absorb larger amounts of available material (excised truss) the 
smaller their distance from the providing leaves. However, the results of Slack and 
Calvert (1977) can also be explained without assuming a 'distance effect' on assimilate 
partitioning. Trusses closest to the one excised get the highest yield increase as earlier-
initiated trusses have a shorter growth period left to take profit from removing a truss 
and later-initiated trusses miss a larger part of the period were removal of the truss 
plays a role. Note that one fruit growth period (about 60 days at 20°C) after expected 
anthesis date of the excised truss, its removal does not play a role any more. Further-
more, trusses closest to the excised truss, exhibit highest sink strength (potential 
growth rate; Heuvelink and Marcelis, 1989) in the period where excision has the 
largest influence on total sink strength (period where the highest sink strength of the 
excised truss would have occurred). 
At the end of both experiments, a higher stem and leaf thickness (lower SLA) for 
the 0-shoot, compared with the 100-shoot and the 50-50 shoots was observed 
(Table 5), suggesting assimilate storage in the 0-shoot. About 60-65 days after the 
start of the experiments, there was faster vegetative weight gain at the 0-shoot and a 
reduction in vegetative weight gain at the 100-shoot, compared with the 50-50 shoots 
(Fig. 6). As a result, assimilate partitioning in the whole plant was still equal for 100-0 
and 50-50 treatments (Fig. 5). This means that fraction allocated to the fruits alone is 
not a good indicator for testing the assumption of one common assimilate pool. 
Allocation to the fruits was identical in the 50-50 and 100-0 treatments in the last part 
of the experiments, whereas vegetative growth of the individual shoots clearly showed 
that the assumption of one common assimilate pool was no longer valid. Perhaps 
transport distance had become too long. However, it should not be forgotten that the 
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present treatments are very extreme considering the location of sinks on a plant. To 
determine whether assimilates are actually used for extra growth or stored in the 
0-shoot, separation of measured dry weight in structural and non-structural dry matter 
would be necessary. However, in both cases the assumption of one common assimilate 
pool is no longer valid. 
It is concluded that distance (or transport resistance) between source and sink is 
only of limited importance for dry matter allocation in tomato plants. Therefore, such 
effects and the compartmentalisation of the plant into source-sink units can be omitted 
when modelling dry matter distribution between fruits and above-ground vegetative 
plant parts and one common assimilate pool available to all sinks may be assumed. 
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Heuvelink E. 1995. Effect of temperature on biomass allocation in tomato 
(Lycopersicon esculentum). Physiologia Plantarum 94: 447-452. 
Abstract 
Temperature may influence dry matter partitioning between fruits and vegetative plant 
parts either directly or indirectly through its influence on development, flower and/or 
fruit abortion. The objective of the present work was to investigate whether there is 
any direct effect of temperature on dry matter partitioning between fruits and vegeta-
tive plant parts in tomato. A greenhouse experiment was conducted, with alternating 3-
week periods of high (23°C) and low (18°C) temperature setpoint. Dry matter parti-
tioning in these 3-week periods was determined from destructive measurements at two 
levels of fruit pruning (three and seven fruits per truss). Indirect temperature effects on 
dry matter partitioning were excluded by fruit pruning. 
On average, the fraction of dry matter distributed to the fruits during a 12-week 
period, starting with the flowering of the fifth truss (28 days after planting), was 0.53 
(three fruits per truss) and 0.70 (seven fruits per truss). These ratios were also calcu-
lated for every 3-week period separately and did not depend on the average tempera-
ture (18-24°C) during that period. 
It is concluded that dry matter distribution in tomato is not significantly affected by 
temperature directly, which means that the temperature effect (18-24°C) on the 
generative sink strength is not much different from the temperature effect on the 
vegetative sink strength. 
Introduction 
Dry matter partitioning is an important determinant of crop yield. Past improvements 
in yield potential of crops through selection and breeding, have derived largely from an 
increase in the proportion of accumulated dry weight that is invested in the plant 
organs harvested i.e., the harvest index (Gifford and Evans, 1981). In crops such as 
tomato, dry matter partitioning relates not only to total fruit production, but also to the 
weight of individual fruits and to the quality of the fruits, important determinants of 
economic yield. 
It is generally agreed that the distribution of assimilates among sinks is primarily 
regulated by the sinks themselves and that the source strength or assimilate availability 
is only of minor importance (Gifford and Evans, 1981; Farrar, 1988; Ho, 1988; 
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Marcelis, 1993b). For tomato this has been shown in Chapter 5.1. Temperature is the 
most important climatic factor influencing dry matter partitioning in crops, as irradi-
ance and CO2 concentration primarily affect source strength (Marcelis and De Koning, 
1995) and dry matter partitioning is unaffected by humidity (Bakker, 1991). However, 
in the long term, source strength may influence flower and/or fruit abortion and 
therefore dry matter partitioning (Marcelis and De Koning, 1995). 
The term sink strength is used to describe the competitive ability of an organ to 
attract assimilates (Wolswinkel, 1985). Temperature affects sink strength of plant 
organs directly (Walker and Ho, 1977; Williams and Marinos, 1977; Yoshioka et al., 
1986; Marcelis and Baan Hofrnan-Eijer, 1993) and may similarly influence dry matter 
partitioning. Walker and Ho (1977) and Yoshioka et al. (1986) could enhance carbon 
import into fruits of tomato by warming the fruit. However, this does not necessarily 
mean that higher plant temperature favours partitioning into the fruits. Should the sink 
strength of all plant organs respond proportionally to temperature, dry matter partition-
ing would not change with temperature. 
Temperature may influence dry matter partitioning indirectly, because high tempera-
ture enhances development and increases not only the initiation of flowers, buds and 
fruits but also their abortion due to increasing demand for assimilates (Marcelis and De 
Koning, 1995). For cucumber, with either the same number or same weight of fruits 
per plant, biomass allocation to the fruits increased with temperature (Marcelis, 
1993 a). However, when the number of fruits per plant was not controlled, there were 
less fruits at higher temperature, and temperature had only a slight effect on biomass 
allocation (Marcelis, 1993a). 
The objective of the present work was to investigate whether there is a direct effect 
of temperature on dry matter partitioning between fruits and vegetative plant parts in 
tomato. If this were the case, the influence of temperature should be quantified and it 
could therefore be determined whether higher temperature increases or decreases 
vegetative sink strength relative to total plant sink strength. A long-term growth 
analysis at different temperatures would not be suitable here, as indirect temperature 
effects on plant development and flower and/or fruit abortion could interfere. There-
fore, a greenhouse experiment was conducted, with alternating 3-week periods of high 
and low temperature, and dry matter partitioning in these 3-week periods was deter-
mined from destructive plant measurements. A period of three weeks was considered 
long enough to find large increases in dry weight of the different plant organs without 
strongly influencing plant development. In this study, two levels of fruit pruning were 
imposed, so as to investigate temperature effects at two levels of partitioning between 
fruits and vegetative plant parts. Fruit pruning (both levels) also prevented indirect 
effects of temperature on dry matter partitioning as a result of flower and/or fruit 
abortion. 
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Materials and methods 
Facilities, crop and growth conditions 
The experiment was conducted in two 12.8 m x 12m compartments within the mul-
tispan Venlo-type glasshouse of the Department of Horticulture, Wageningen, The 
Netherlands (lat. 52°N). Plants of Lycopersicon esculentum Mill. cv. Counter (De 
Ruiter Seeds, Bleiswijk, The Netherlands) were raised in another compartment of the 
multispan glasshouse. About two weeks after sowing (sowing date 25 November 
1992) in trays filled with a commercial potting soil, plants were pricked out on rock-
wool cubes (10 cm x 10 cm x 6 cm), placed on benches and irrigated by ebb-flood 
system, using a standard nutrient solution (Sonneveld and Straver, 1989). When the 
first truss was flowering (25 February 1993), plants were transferred to the greenhouse 
compartments, where they were grown on rockwool slabs, placed in containers, and 
irrigated with the same standard nutrient solution with the aid of a trickle irrigation 
system. Plants were trained according to the high-wire system (Van de Vooren et al, 
1986). The high-wire was 2.7 m above ground. The experiment ended on 16 June 
1993. Plants were grown at a density of 2.5 m"2 (0.8 m between and 0.5 m within-
rows). 
Temperature setpoint was 18°C day and night, until treatments started. Tempera-
ture was measured by PT500 elements (Jumo, Fulda, Germany) and recorded every 
5 min by a commercial DAKO computer system (Hoogendoorn, 's Gravenzande, The 
Netherlands). Chemical pest and disease control were conducted as described by 
Anonymous (1986). Flowers were pollinated three times a week with the aid of an 
'electric bee'. 
Treatments 
From 24 March 1993 onwards, 3-week periods of high (setpoint 23°C day and night) 
and low (setpoint 18CC) temperature were alternated. In Compartment 1, plants 
started at the high temperature, in Compartment 2, plants received a low temperature 
during the first 3-week period. After four periods (12 weeks) the experiment was 
terminated. 
Two levels of fruit pruning were imposed: three and seven fruits per truss. Fruit 
pruning on all trusses was done on 24 March (28 days after planting) and was con-
ducted just after fruit set of a truss from that time onwards. Fruit pruning was not 
started immediately after planting, so as to obtain identical plants for the two fruit load 
treatments at the start of the temperature treatment. 
Observations 
On days where temperature was changed, ten plants per treatment were selected at 
random for destructive measurements. Fresh and dry weight (ventilated oven, 60°C for 
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Table 1. Achieved number of fruits per truss for trusses 1 to 11 in both greenhouse compart-
ments. 
Treatment Truss number 
1 2 3 4 5 6 7 8 9 10 11 
Mean 
Compartment 1 
3 fruits per truss 3.0 2.9 3.0 2.9 3.0 3.0 3.0 3.0 3.5 3.6 2.6 3.0 
7 fruits per truss 7.0 7.3 7.0 6.0 6.8 6.7 6.6 7.3 7.2 6.6 4.9 6.7 
Compartment 2 
3 fruits per truss 3.0 3.0 2.9 3.0 3.0 3.0 2.9 2.9 3.0 3.0 3.0 3.0 
7 fruits per truss 6.9 6.9 6.9 7.0 6.9 6.8 6.8 6.9 7.0 6.7 6.6 6.9 
at least one week) of leaves (including petioles), stem, individual fruit trusses 
(including peduncles), removed leaves and picked fruits of sample plants were deter-
mined. Leaves below the lowest truss still on the plant, were removed several times 
during the experiment. Fruits were picked three times a week, when they started to 
colour. Samples dried at 60°C contain more water than those dried at 105°C, the 
internationally accepted standard for determination of dry weight. Measured fruit dry 
weight was divided by 1.12 to correct for this higher water content, whereas for leaves 
and stem this difference was not significant (only 1-2%) and was therefore ignored 
(Chapter 2). Also the number of visible trusses (> 0.5 cm) and the number of set fruits 
per truss were recorded. Unfortunately, due to growing in rockwool, measurements on 
the root system were not feasible. The plants used for destructive measurements were 
surrounded by guard plants and replaced by spare plants of the same size, to prevent 
modification of the light distribution within the crop. 
Results 
Temperatures achieved 
Because of high irradiance and high outside temperatures in some periods during the 
experiment, 24 h average temperatures (setpoints 18 and 23 °C) were sometimes higher 
than desired (Fig. 1). As a consequence, temperature differences between the periods 
and between the two greenhouse compartments were smaller than desired. 
Developmental aspects 
Fruit load and temperature treatments did not significantly affect number of trusses 
visible (Fig. 2). Achieved number of fruits per truss for the low fruit load treatment 
was 3 and was equal to the desired number (Table 1). For the high fruit load treatment, 
the achieved number of fruits per truss was a little below the desired number (Table 1). 
It is concluded that temperature treatments did not significantly affect organ initiation 
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Fig. 1. Average 24 h temperatures in Compartment 1 (•) and Compartment 2 (O). Arrows 










Day of year 
Fig. 2. Number of trusses visible (> 0.5 cm) as a function of time in Compartment 1 (9,0) and 
Compartment 2 («,D) at 3 (•,•) and 7 (0,D) fruits per truss. Vertical bars indicate standard 
deviation larger than symbols. 
and/or abortion (Fig. 2 and Table 1). Therefore, indirect effects of temperature on dry 
matter distribution are excluded. 
Dry matter partitioning to the fruits 
Total dry matter increase was almost equal at three and seven fruits per truss, whereas 
total fruit growth was reduced at the lower fruit load (Fig. 3). Dry matter partition-
ing to the fruits during 3-week periods was the same at low (18-20°C) and high 
temperature (23-24°C), at both high and low fruit load (Fig. 4 and Table 2). Varia-
tion in the fraction of dry matter distributed to the fruits was large at low fruit load 
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Table 2. Effect of temperature, averaged over a 3-week period, and number of fruits retained 
per truss, on the fraction of dry matter allocated to the fruits over a 3-week period. Data are 
means of three (3 fruits per truss) or four (7 fruits per truss) 3-week periods. Data at low and 
high temperature are not independent, as the destructive measurement at the end of a 3-week 
period was the same as that at the beginning of the next period. 
Temperature 
(°C) 










'LSD = Least Significant Difference (Student's Mest, P=0.05). 
600 
140 
Day of year 
Fig. 3. Total plant (•,•) and fruit (•,()) dry weight as a function of time at 3 ( • , • ) and 
7 (G,0) fruits per truss in Compartment 1 (A) and Compartment 2 (B). Vertical bars indicate 
standard deviation larger than symbols. 
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(0.43-0.63). This resulted from two data points, determined in the period before and 
after day 146 in Compartment 1. As plant dry weight measured on day 146 was 
relatively high and fruit dry weight was in accordance with the other measurements 
(Fig. 3A), the fraction allocated to the fruits was low in the period before day 146 and 
high in the period following day 146. These two data-points were omitted in the 
average distribution ratios presented in Table 2, as they were very extreme compared 
with the other measurements. Averaged over the 12-week period, the fraction of dry 
matter distributed to the fruits was 0.53 at low and 0.70 at high fruit load. 
Discussion 
Measurements revealed no important direct influence of temperature on dry matter 
partitioning between fruits and vegetative plant parts (Fig. 4 and Table 2). If tempera-
ture sensitivity of sink strength were the same for both vegetative and generative sinks, 
no influence of temperature on dry matter partitioning would be expected. Walker and 
Ho (1977) observed a positive correlation between assimilate import by fruits and their 
temperature, and Walker and Thornley (1977) reported an increased relative growth 
rate (g g"1 d'1) for tomato fruits at higher temperature. There is no reason to believe 
that such a relationship would exist only for the generative sinks. For example, 
Hurewitz and Janes (1983) showed that as they increased the root temperature of 
tomato seedlings from 15 to 35°C, the roots acquired an increasingly large share of 
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Temperature (°C) 
Fig. 4. Fraction of dry weight increase partitioned to the fruits [3 ( • , • » or 7 (0,D,A) fruits 
per truss] over 3-week periods as a function of average temperature during that period, for 
Compartment 1 (»,0) and Compartment 2 (",D). Triangles represent measurements for the 
first 3-week period (day 83 till day 104) in both compartments. "Data omitted in further 
analysis, for explanation see text. 
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That hardly any temperature effect on potential growth rate (sink strength) was 
observed when tomato fruits were grown from anthesis to colouring at constant 
temperatures (Heuvelink and Marcelis, 1989; De Koning, 1994) was explained by De 
Koning (1994). This author distinguished between short-term and long-term tempera-
ture response. He suggested that a temperature increase will increase sink strength in 
the short term (increased enzymatic activity), but at a prolonged higher temperature 
the plant will decrease its 'processing apparatus' (amounts of enzymes) in accordance 
with the higher processing rate, and vice versa. The same distinction between fine 
control by the existing machinery in the short term (hours) and course control by 
changing the amounts of enzymes and transport systems in the long term (days), was 
made by Farrar (1988). Therefore, direct effects of temperature on dry matter parti-
tioning may result from differences in temperature sensitivity of generative and vegeta-
tive sink strength or from differences in the rate of adaptation to temperature 
(adjusting the 'processing apparatus'). At the same temperature sensitivity for both 
vegetative and generative sink strength, faster adaptation of the vegetative sink to 
temperature would mean that temperature rise temporarily increases allocation to the 
fruits. Such an effect cannot be excluded, based on the present measurements, although 
its influence on dry matter partitioning would only be small (Fig. 4 and Table 2). 
Perhaps the present experiment was not sufficiently sensitive to observe relevant 
differences in temperature response of vegetative and generative sinks. Walker and Ho 
(1977) observed a Qm of 2.4 for the temperature response of fruit sink strength in a 
short-term (48 h) experiment. This would mean a 70% increase in fruit sink strength 
between 18 and 24°C. If no change in vegetative sink strength would occur, the 
fraction of the dry matter distributed to the fruits would increase from 0.53 to 0.66 and 
from 0.70 to 0.76, at low and high fruit load, respectively. Should such large effects 
have occurred, these would have been detected in the present experiment (Table 2). If, 
e.g., temperature sensitivity of the vegetative sink strength would be half of that of the 
fruits, the fraction of dry matter distributed to the fruits would change from 0.53 to 
0.56 and from 0.70 to 0.73, respectively, between 18 and 24°C. These effects are 
smaller than the least significant differences in fraction dry matter distributed to the 
fruits in the present experiment (Table 2). Therefore, although a direct effect of 
temperature on dry matter partitioning in tomato cannot be excluded, this effect is 
likely to be only small. 
Only during the first 3-week period (day 83 till day 104) was the 24-h average tem-
perature almost constant (Fig. 1). Perhaps the present results are biased by the pro-
gressively more variable temperature during later periods (Fig. 1). Based on the first 
3-week period, dry matter partitioning into the fruits increased from 0.68 to 0.72 and 
from 0.48 to 0.52 for three and seven fruits per truss, respectively, when temperature 
increased from 18.5 to 23.1°C (Fig. 4). A temperature increase by 4.6°C resulted in a 
small increase in dry matter allocation to the fruits, which is in agreement with the 
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general conclusion that direct temperature effects on partitioning in tomato are only 
small (Fig. 4 and Table 2). 
The present results contradict observations by De Koning (1994). He exposed ma-
ture tomato plants (anthesis of truss 6, grown at 19°C) to 19 and 23°C for two weeks. 
The fraction of dry matter partitioned to the fruits was 0.68 and 0.80 at 19 and 23°C, 
respectively. Since sink strength of the fruits at 23°C was about 10% lower than at 
19°C (De Koning, 1994), vegetative sink strength should have decreased by more than 
50% with 4°C temperature increase. This effect may be overestimated. During the two 
weeks at high temperature, sink strength of the fruits may have been significantly 
greater than predicted on the basis of the potential growth rate at constant 23°C, as the 
fruits had grown before at low (19°C) temperature (De Koning, 1994). However, 
assuming a Qi0 of 2.4 (Walker and Ho, 1977) for temperature response of fruit sink 
strength, vegetative sink strength would still be reduced by 24% as a result of a 
temperature increase by 4°C. A decrease in vegetative sink strength with increasing 
temperature seems unlikely, as both within sources and sinks, enzymatic processes 
dominate the response to altered temperature (Farrar, 1988). The present results are in 
accordance with observations of Marcelis (1993a) for cucumber, who observed for 
plants grown at 22°C an increase of only 8% (0.56 instead of 0.52) in the fraction of 
dry matter partitioned to the fruits after a 4-day-period at 27°C, compared with 17°C. 
A temperature effect of this magnitude in the present experiments can not be excluded. 
At higher temperature, the rate of plant development (increase in new leaves and 
trusses) is higher (e.g. De Koning, 1994). Therefore, growing young plants (only a few 
trusses have appeared) at higher temperatures will increase partitioning into the fruits 
as it increases number of growing fruits on the plant (De Koning, 1989b). This should 
not be confused with a direct effect of temperature on dry matter allocation. As total 
sink increases at a higher temperature, the source-sink ratio is reduced and this could 
stimulate fruit abortion (Atherton and Harris, 1986; Bertin and Gary, 1993b), resulting 
in an indirect effect of temperature on dry matter partitioning. Verkerk (1955) ob-
served a decrease in the final dry matter distribution to the fruits at higher temperature, 
which could be explained by a lower number of fruits per truss. A reduced fruit load 
(number of fruits) at higher temperature has been observed for tomato (De Koning, 
1989b) and cucumber (Marcelis, 1993a). 
It is concluded that temperature (18-24°C) had no significant direct influence on dry 
matter distribution among fruits and the vegetative plant parts in the tomato. There-
fore, temperature effects on dry matter distribution reported in the literature result 
mainly from an indirect influence of temperature via development rate, flower and/or 
fruit abortion. 
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5.4. Effect of plant density 
Heuvelink E. 1995. Effect of plant density on biomass allocation to the fruits in 
tomato (Lycopersicon esculentum Mill). Scientia Horticulturae 64:193-201. 
Abstract 
The effect of plant density (1.6 m"2, 2.1 m"2 and 3.1 m"2; within-row plant distances of 
0.80 m, 0.60 m and 0.40 m, respectively) on biomass allocation to the fruits in tomato 
was studied in a greenhouse experiment by periodic destructive measurements. The 
experiment lasted for a period of 105 days after anthesis of the first truss (planting 
date). Trusses were pruned to seven fruits. In this way indirect effects of plant density 
on dry matter partitioning through flower and/or fruit abortion were prevented. 
Plant development (number of trusses visible) was equal for the three plant densi-
ties. At higher plant density, growth per plant was reduced considerably, but dry 
matter distribution was not influenced. At the end of the experiment, 57-59% of total 
dry matter produced was located in the fruits for all three plant densities. 
Introduction 
It is generally agreed that the distribution of assimilates among sinks is primarily 
regulated by the sinks themselves and that the source strength (supply of assimilates, 
i.e. crop photosynthetic rate) is only of minor importance (Gifford and Evans, 1981; 
Farrar, 1988; Ho, 1988). Assimilate distribution to the fruits in tomato strongly 
depends on the number of fruits (sinks) per truss (Chapter 5.1). For tomato plants 
grown in spring, summer or autumn for a period of about 100 days after anthesis of the 
first truss, 54-60% of total dry matter produced was located in the fruits, when trusses 
were pruned to seven fruits (Chapter 2). This indicates that source strength has no 
important influence on assimilate partitioning, as total plant growth largely differed 
between these experiments (Chapter 2). Only in winter was the fraction of dry matter 
partitioned into fruits reduced, to 35-38%, as a result of flower and/or fruit abortion 
(Chapter 2). Source strength may strongly influence assimilate distribution in tomato in 
the long term, as it affects fruit number (Baevre, 1990; De Koning and De Ruiter, 
1991; Papadopoulos and Ormrod, 1991; Bertin, 1995). For tomato, several workers 
(Heuvelink and Marcelis, 1989; Dayan et al, 1993a; De Koning, 1994) assumed no 
direct influence of source strength on assimilate partitioning in their simulation models. 
The objective of this study was to analyse the direct effect of source strength of a 
plant on the biomass allocation to the fruits in tomato. Chapter 2 indicates that this 
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direct effect is only small. However, a definite conclusion could not be drawn, as 
temperature and thus plant development were different between these experiments. In 
the present experiment, difference in source strength was created by growing plants at 
three plant densities in a greenhouse. Trusses were pruned to seven fruits per truss, to 
prevent indirect effects of source strength on dry matter distribution, through flower 
and/or fruit abortion. 
Materials and methods 
The experiment was conducted in two 12.8 m x 12 m compartments of the multispan 
Venlo-type glasshouse of the Department of Horticulture (Wageningen, The Nether-
lands, lat. 52°N). Plants of Lycopersicon esculentum Mill. cv. Counter (De Ruiter 
Seeds, Bleiswijk, The Netherlands) were raised in another compartment of the mul-
tispan glasshouse. Sowing (6 January 1992) was conducted in trays filled with a 
potting soil. About two weeks later, plants were transplanted into 12 cm plastic pots 
filled with a potting soil and placed on benches. When the first truss reached anthesis 
(2 March 1992), plants were transferred to the greenhouse compartments, where they 
were cultivated in soil. 
Shoots were trained according to the high-wire system (Van de Vooren et al, 
1986) and the experiment ended on 15 June 1992. Plants were grown at 0.80 m 
between-row distance and at three within-row plant distances: 0.40 m (3.1 plants m'2), 
0.60 m (2.1 plants m'2) and 0.80 m (1.6 plants m'2). Temperature setpoint was 18°C 
day and night. Temperature was measured by PT500 elements (Jumo, Fulda, Germany) 
and recorded every 5 min by a commercial DAKO computer system (Hoogendoorn, 's 
Gravenzande, The Netherlands). The 24 h average greenhouse air temperature over 
the whole growing period was 20.4°C, average global radiation outside was 13.7 MJ 
m"2 d'1. Fertilisation and insects and diseases were managed as described elsewhere 
(Anonymous, 1986). Flowers were pollinated three times a week with the aid of an 
'electric bee' and trusses were pruned to seven fruits per truss just after fruit set of 
each truss. 
The experiment had a randomised block design with two blocks (greenhouse com-
partments). Each block was divided into three plots (three plant densities) and from 
each of these plots, every 10-11 days, two plants were selected at random for destruc-
tive measurements. These plants were surrounded by guard plants and replaced by 
spare plants of the same size, grown in 25 1 containers, so as not to disturb light 
distribution in the crop. Fresh and dry weights (ventilated oven; 60°C for at least one 
week) of leaves (including petioles), stem, individual fruit trusses (including pedun-
cles), removed leaves, picked fruits and leaf area (LI-COR Model 3100 Area Meter, 
Lincoln, NB, USA) were measured for each plant. Leaves below the lowest truss still 
178 
Effect of plant density on partitioning 
on the plant, were removed four times during the experiment. Fruits were picked three 
times a week, when they started to colour. Samples dried at 60°C contain more water 
than those dried at 105°C, the internationally accepted standard for determination of 
dry weight. Measured fruit dry weights were divided by 1.12 to correct for this higher 
water content, whereas for leaf and stem fractions, this difference was not significant 
(only 1-2%) and therefore ignored (Chapter 2). Also, the number of trusses visible 
(> 0.5 cm) and of fruits per truss were recorded. Unfortunately, owing to culture in 
soil, no measurements on the root system were feasible. 
Calculated dry matter partitioning into the fruits was smoothed over time according 
to Poorter (1991), skipping one harvest (destructive measurement) each time. Thus, 
for the second harvest interval, fraction partitioned into the fruits was calculated as the 
average of the fraction partitioned into the fruits (total fruit dry weight increase divided 
by total plant dry weight increase) between the first and third harvest and between the 
second and fourth harvest. For the first interval, dry matter partitioning was calculated 
as the fraction partitioned into the fruits between the first and second harvest, and, for 
the last interval, it was calculated as the fraction partitioned into the fruits between the 
two but last harvest and the final harvest. 
Results and discussion 
Plant growth was strongly influenced by plant density, the highest plant growth rate 
occurring at the lowest plant density (Fig. 1). The same has been observed by De 
Koning and De Ruiter (1991). Reduced plant growth at increased plant density can be 
explained by reduced light interception per plant (less space available and lower leaf 
area per plant; not shown). Total dry matter production per unit ground area was 
highest for the highest plant density, although differences were small compared with 
differences in individual plant growth (Fig. 1). De Koning and De Ruiter (1991) also 
reported higher dry matter production per unit area at higher plant densities. This 
resulted from a higher leaf area index (increased light interception) in the present 
experiment (not shown) as well as in the experiment of De Koning and De Ruiter 
(1991). 






















































Day of year 
Fig. 1. Cumulative dry matter production (A, per plant; B, per square meter) as a function of 
day of the year (day 1 = 1 January) for tomato at three within-row plant distances: (•) 0.40 m, 
(O) 0.60 m and (•) 0.80 m, resulting in a plant density of 3.1 m"2, 2.1 m"2 and 1.6 m , respec-
tively. Vertical bars indicate standard error of mean larger than symbols. 
Plant development was not influenced by plant density. At the end of the experiment 
the number of trusses visible was 17.3, 17.5 and 17.0, for plants at 0.40 m, 0.60 m and 
0.80 m within-row plant distance, respectively. This agrees with results of De Koning 
(1994), who concluded that, except for very extreme cases, assimilate demand to 
supply ratio (sink-source ratio) did not influence truss appearance rate in tomato. 
Number of fruits per truss was not affected by plant density (Table 1), probably 
because all trusses were pruned to seven flowers. In a few instances, trusses consisted 
of more than seven fruits, as these were missed when pruning. Papadopoulos 
and Ormrod (1991) and De Koning and De Ruiter (1991) observed an increase in 
flower abortion at higher plant density. In the range of plant densities applied in the 
present experiment and under the prevailing irradiance, however, seven fruits per truss 
could set and develop. 
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Fig. 2. Fraction of total dry matter production distributed to the fruits (A, cumulative; B, for 
each time interval between two destructive harvests) as a function of day of the year (day 1 
= 1 January) for tomato at three within-row plant distances: (•) 0.40 m, (o) 0.60 m and (•) 
0.80 m, resulting in a plant density of 3.1, 2.1 and 1.6 m"2 respectively. Continuous line in (B) 
represents regression equation: y = 0.687 [l-e"°0430<x-670']; r2 = 0.95, n = 30. Vertical bars in (A) indicate standard error of mean larger than symbols, vertical bar in (B) indicates standard 
error of regression. 
No influence of plant density on dry matter partitioning within the shoot was 
observed (Fig. 2A). At the end of the experiment, 57-59% of total dry matter pro-
duced (excluding roots) was located in the fruits for all three plant densities. For this 
final fraction of dry matter located in the fruits, least significant difference (Student's 
/-test, P=0.05) between the plant densities was 5.4%. An almost two-fold increase in 
final dry matter production (340 g plant"1 and 596 g plant'1 at 0.40 m and 0.80 m 
within-row plant distance, respectively), did not influence significantly dry matter 
partitioning among reproductive and vegetative shoot growth. The fraction partitioned 
to the fruits for each time interval between two destructive measurements showed a 




Number of fruits per truss 
Fig. 3. Fraction of total dry matter production distributed to the fruits at the end of the experi-
ments as influenced by the number of fruits per truss, regulated by fruit pruning just after fruit 
set of each truss: (•) data from four experiments at a plant density of 2.1-2.5 m"2 and the 
regression equation as presented in Chapter 3.1, (O) data from an experiment described in 
Chapter 4.2, with plants grown at a density of 4.8 m"2 (three fruits per truss), 2.9 m"2 (five 
fruits per truss) and 2.1 m"2 (seven fruits per truss). Vertical bars indicate standard error of 
mean larger than symbols. 
could adequately describe this relationship for the three plant densities (Fig. 2B). 
Partitioning to the fruits increased from 0% at anthesis of the first truss to 70% at the 
end of the experiment (Fig. 2B). Increased partitioning to the fruits starting from first 
anthesis is likely to result from increased number of fruits on the plant (Chapter 5.1) 
and has been reported by several workers (e.g. Hurd et al, 1979; De Koning, 1989b). 
In Chapter 4.2 an experiment is described in which plant density and fruit pruning 
were combined, such that equal numbers of fruits per unit ground area were achieved. 
Three levels of fruit pruning (three, five and seven fruits per truss) were combined with 
three within-row plant distances: 0.26 m (4.8 plants m'2), 0.43 m (2.9 plants m'2) and 
0.60 m (2.1 plants m"2), respectively. Final plant dry weight was 304 g, 390 g and 
513 g for plants grown at a density of 4.8 m"2, 2.9 m"2 and 2.1 m'2, respectively. Final 
fraction of dry matter distributed to the fruits for the three pruning levels agreed very 
well with the relationship between number of fruits per truss and fraction of dry matter 
distributed to the fruits, observed in Chapter 3.1 at a plant density of 2.1-2.5 m'2 
(Fig. 3). This supports the conclusion of the present research, that there is no direct 
influence of plant density (source strength) on the fraction of assimilates partitioned to 
the fruits. It should be noted that, on average, 18.2 trusses were visible at the end of 
the experiments described in Chapter 3.1, whereas there were 14.6 trusses visible at 
the end of the experiment described in Chapter 4.2. Apparently, this difference hardly 
influenced partitioning (Fig. 3), probably because in all experiments partitioning to the 
fruits had already been close to saturation level (Fig. 2B) for some time. 
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The present results are in agreement with Chapter 2, where no differences in the 
fraction of dry matter distributed to the fruits were observed for plants grown in 
spring, summer and autumn, when all trusses were pruned to seven fruits. The results 
also corroborate the conclusion of Cooper (1972), from winter and spring experi-
ments, that 'partitioning between the component organs in tomato was controlled on 
a proportional basis that was independent of the growth rate of the plant'. Therefore, it 
may be concluded that effects of plant density on dry matter distribution, as observed 
by De Koning and De Ruiter (1991, data not presented), were caused indirectly, as a 
result of the influence of source strength on the number of fruits on the plant. Marcelis 
(1993b) reached the same conclusion for cucumber plants grown at three irradiance 
levels in a greenhouse. In the short term (four days), biomass allocation to the fruits 
did not change with changing irradiance, whereas the positive long-term (62 days) 
effect of high irradiance on biomass distribution to the fruits could primarily be as-
cribed to an increase in the number of fruits growing at the same time on the plant 
(Marcelis, 1993b). 
Plant density influences light interception per plant and therefore source strength. 
Growing plants at different irradiance levels is another way to influence source 
strength. Based on the present results, no direct effect of irradiance level on dry matter 
distribution to the fruits is expected. Cockshull et al. (1992), who reduced solar 
radiation incident on a tomato crop by 23%, observed no noticeable effects of irradi-
ance on the dry matter distribution to the fruits, although these workers did not control 
number of fruits per truss. In contrast, Cockshull et al. (1992) reported a reduction in 
number of fruits per truss in winter and early spring at reduced light level. However, 
the number of fruit produced over the whole season (not reported) probably did not 
differ much between control and shaded plants, which would explain the observed 
similar dry matter distribution. Yoshioka and Takahashi (1979) observed for tomato 
plants that the distribution of dry matter to the fruits was higher for plants grown at 
80% shade compared with control plants, both for non-topped plants and topped single 
truss plants. These results contradict the present findings, possibly owing to the heavy 
shading. Plant growth (almost) completely stopped and a decrease in vegetative dry 
weight for the shaded plants was observed (Yoshioka and Takahashi, 1979). Hole and 
Sutherland (1990) concluded for carrots that quantitative alterations to the supply of 
assimilate, resulting from variation in the light regime (intensity, duration and integral), 
did not affect its partition to different organs, which agrees with the present results. 
It is concluded that differences in source strength, owing to altered plant densities, 
have no significant direct effect on the biomass distribution to the fruits in tomato. 
However, source strength may influence dry matter distribution by its influence on the 
number of fruits on a plant (i.e. the sink capacity of the plant). Therefore, an increased 
source strength, resulting in an increased number of fruits growing at the same time on 
the plant, indirectly influences the biomass allocation. 
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5.5. A dynamic simulation model 
Heuvelink E. 1996. Dry matter partitioning in tomato: validation of a dynamic 
simulation model. Annals of Botany 77: 71-80. 
Abstract 
A model for dynamic simulation of dry matter distribution between generative and 
vegetative plant parts and the distribution among individual fruit trusses in greenhouse 
tomato, is validated. The model is part of the crop growth model TOMSIM and is 
based on the hypothesis that dry matter distribution is regulated by the sink strengths 
of the plant organs, quantified by their potential growth rates, i.e. the growth rates at 
non-limiting assimilate supply. Within the plant, individual fruit trusses are distin-
guished and sink strength of a truss is described as a function of its developmental 
stage. Truss development rate is a function of temperature and of truss developmental 
stage. The same potential growth curve, proportional to the number of fruits per truss, 
is adopted for all trusses. In a simple version of the model, vegetative plant parts are 
lumped together as one sink with a constant sink strength. In a more detailed version, 
vegetative sink strength is calculated as the sum of sink strengths of vegetative units 
(three leaves and stem internodes between two trusses). 
The model was validated for six greenhouse experiments, covering effects of plant-
ing date, plant density, number of fruits per truss (pruning at anthesis), truss removal 
(every other truss removed at anthesis), single- and double-shoot plants and a tempera-
ture experiment conducted in climate rooms at 17, 20 or 23 °C. Daily increase in 
above-ground dry weight, average daily temperatures and number of set fruits per truss 
were inputs to the model. Both the simple and the more detailed model showed good 
agreement between measured and simulated fraction of dry matter partitioned into the 
fruits over time. For the simple version of the model, the slope of the lines relating 
simulated to measured fraction partitioned into the fruits (16 data sets), varied between 
0.92 and 1.11, on average it was 1.04, implying 4% over-estimation for this fraction. 
For the detailed model these numbers were slightly better: 0.89, 1.08 and 1.01, respec-
tively. The temperature experiment revealed no important direct influence of tempera-
ture on the ratio between generative and vegetative sink strength. Simulated truss 
growth curves showed reasonable agreement with the measurements, although both 
models over-estimated (17% on average) final dry weight of the lower trusses (truss 
1-3) on a plant. Modelling dry matter partitioning based on sink strengths of organs is 
promising, as it is a general, dynamic and flexible approach, showing good agreement 
between measurements and simulation for a range of conditions. Applicability of the 
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model is, however, still limited as long as the number of fruits per truss (flower and/or 
fruit abortion) is not simulated, as this is a major feedback mechanism in plant growth. 
Introduction 
An important limitation of crop growth models is their weakness in simulating dry 
matter partitioning (Challa, 1985; Evans, 1990). Many theories have been put forward 
to describe and/or explain assimilate distribution among plant organs (reviewed by 
Marcelis, 1993c). However, as biomass allocation is still only poorly understood 
(Marcelis, 1993 c) often explanatory models give way to empirical ones in this field 
(Evans, 1990). 
In indeterminately growing crops, like cucumber, sweet pepper and tomato, dry 
matter distribution may change dynamically (Hall, 1977; De Koning, 1989b; Marcelis, 
1992). Simulation of dry matter distribution based on organ sink strength, a term used 
to describe the competitive ability of an organ to attract assimilates (Wolswinkel, 
1985), seems promising for such crops (Marcelis, 1993c), as has been shown for 
cucumber (Marcelis, 1994b) and tomato (Heuvelink and Marcelis, 1989; Jones et al, 
1991; Dayan et al, 1993b; De Koning, 1994). These authors defined the sink strength 
of an organ as the capacity of a sink organ to accumulate assimilates and quantified 
this capacity by organ potential growth rate, i.e. the growth rate under non-limiting 
assimilate supply. Patrick (1993) stated that describing sink strength in this way, i.e. by 
a set of parameters describing the sink's ability to influence assimilate import which are 
independent of the rest of the plant, makes it to a useful measure, whereas defining it in 
terms of a net import of assimilates, as several authors did, should be dismissed. The 
approach using demand functions (sink strength) has some mechanistic aspects and can 
be used to simulate dry matter distribution, irrespective of the type of organs involved. 
Only limited experience exists in modelling dry matter distribution as a function of 
the potential growth rates of the plant organs (sinks), which may be partly explained by 
the large number of parameter values needed for such a model. In general, these 
models are not well validated, as for most (greenhouse) crops there are limited 
amounts of quantitative data on dry matter distribution. Sometimes models are vali-
dated wholly or partly on the same data as those used for model development (e.g. 
Jones et al, 1991; Lieth and Pasian, 1991), which is no sound practice (McCarl, 
1984). 
Heuvelink and Marcelis (1989) presented a model for dry matter partitioning in 
tomato, based on the sink strengths (potential growth rates) of the plant organs. In 
Chapter 5.7 this TOMSIM-model is slightly adjusted (small changes in prediction of 
truss appearance rate, fruit growth period and a different leaf-stem ratio) and a sensi-
tivity analysis is performed. Because the validation in Chapter 5.7 is restricted to a few 
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experiments, validation under a wider range of conditions would be necessary, to test 
the assumptions made. 
The aim of this paper is to calibrate the constant vegetative sink strength in the dry 
matter distribution model described in Chapter 5.7 and to validate the model varying 
planting date, temperature, plant density, fruit pruning and the number of shoots per 
plant. Validation focuses on the following model assumptions: (1) truss sink strength is 
proportional to the number of fruits per truss; (2) assimilates are partitioned from one 
common assimilate pool (no influence of phloem transport resistance on partitioning) 
and (3) no direct influence of assimilate supply nor temperature on the ratio between 
generative and vegetative sink strength exists. Assumption (2) seems to contradict the 
observation that assimilates produced in tomato leaves are preferentially distributed to 
the sinks nearby (Tanaka and Fujita, 1974; Ho and Hewitt, 1986) and assumption (3) 
contrasts with observed considerable decrease in the ratio between vegetative and 
generative sink strength with increasing temperature (De Koning, 1994). Furthermore, 
the question was addressed, to what extent a refinement of dynamic vegetative sink 
strength described for individual vegetative units (three leaves and stem internodes 
between two trusses; De Koning, 1994) could improve predicted partitioning as 
compared with a constant vegetative sink strength. 
Description of the model 
Although the model for dry matter distribution is described in Chapter 5.7 (TOMSIM), 
here a more complete description is presented, including additional literature references 
for the model assumptions and functions and for parameter values. 
Theory 
In the model, dry matter distribution is primarily regulated by the sinks, an assumption 
which is generally accepted (Gifford and Evans, 1981; Farrar, 1988; Marcelis, 1994b). 
For tomato this has been shown in Chapters 3.1 and 5.4. The time step of the model is 
one day. Climatic data needed are average 24 h greenhouse temperatures only, as light 
intensity and C02 concentration are assumed to affect only the availability of assimi-
lates, not their distribution. Assimilate supply did not influence dry matter distribution 
in tomato, unless supply was so low that flower and/or fruit abortion occurred, which 
reduced distribution to the fruits indirectly (Chapters 2 and 5.4). 
The elements described in the model are the individual fruit trusses, whereas the 
vegetative plant parts are lumped together as one sink. A truss is composed of a 
known number of identical fruits and individual fruits within trusses are not simulated. 
Individual fruits may be modelled by a relation between fruit position within a truss and 
fruit sink strength and assuming a constant flowering rate within the truss (De Koning, 
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1994). However, this distribution function for fruit weight within a truss and for fruit 
harvest from one truss over time, may as well be applied after truss harvest. As a 
consequence, the model remains simple, but the results are expected to be the same as 
for a more complex version, where every fruit is simulated individually. 
Daily available assimilates (expressed as g dry matter per plant) are distributed 
among N (total number of sinks per plant) sinks according to their sink strength (Sj, 
g d'1 per sink) relative to the total sink strength of all sinks together (2 Si, g d'1 per 
plant). The fraction of dry matter partitioned into a sink organ (fi) is thus calculated as: 
f, = Si/ZSi [1] 
i=l 
The growth rate of a sink organ is obtained by multiplying fi by the total amount of 
dry matter available for growth of the plant. When the available biomass equals or 
exceeds the total sink strength, each sink organ will grow at its potential rate. In that 
case, the assimilates not used for growth are stored as reserves. The next day these 
reserves are added to the newly formed assimilates. 
Appearance and harvest of trusses 
Trusses with Nf fruits appear (anthesis of Nf/2 flower) at a truss appearance rate 
(flowering rate, FR (trusses d"1)), which depends on the natural logarithm of average 
24 h greenhouse temperature (T), as measured for cv. Counter by De Koning (1994): 
FR = -0.2903 + 0.1454 ln(T) [2] 
Eqn [2] described the truss appearance rate in cv. Counter very well (Chapter 5.7). 
Assimilate supply and sink-source ratio had little effect on leaf and truss appearance 
rate in tomato (Chapter 3.1; De Koning, 1994; Heuvelink and Marcelis, 1996) and 
therefore are ignored. 
The number of set fruits per truss (Nf) was not modelled, as no reliable description 
is available at present (De Koning, 1994). However, Nf is provided as an input to the 
model and may be given different values for different trusses. 
In the model, trusses are harvested after a certain period from anthesis. This period, 
the growth period of a fruit [FGP, time from anthesis to colouring of the fruit (d)], 
decreases with temperature (Heuvelink and Marcelis, 1989; De Koning, 1994). Sensi-
tivity of fruit development rate (FDVR; d"1) to temperature varies during fruit devel-
opment. De Koning (1994) and Heuvelink (unpubl. res.) observed a higher sensitivity 
to temperature just after anthesis and especially 1-2 weeks before fruit colouring. 
Therefore the temperature sensitivity of FDVR is described as a function of fruit 
developmental stage (FDVS; De Koning, 1994): 
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FDVRt= 0.0181 + ln(Tt/20)(0.0392 -0.213 FDVSn + 0.451 FDVSu 
- 0.240 FDVSti [3] 
FDVS, = FDVS,.! + FDVR, [4] 
where FDVR» is the fruit development rate (d1), Tt is the average 24 h temperature 
(°C) and FDVSt is the fruit developmental stage (0-1, FDVS0=0), all at t days after 
anthesis. Truss developmental stage (TDVS) is defined as fruit developmental stage 
(FDVS) of the Nf/2 flower on the truss. Eqn [3] described fruit growth period in cv. 
Counter quite well (Heuvelink, unpubl. res.) for a wide range of conditions 
(temperature, plant density, fruit pruning, double-shoot plants). Assimilate supply and 
sink-source ratio had little influence on FGP (De Koning, 1994) and therefore are 
ignored. 
Potential growth rate of trusses 
Heuvelink and Marcelis (1989) determined growth curves of tomato fruits by measur-
ing fruit diameter twice a week on trusses with one or two proximal fruits. A fitted 
relationship between dry weight and diameter of fruits was used to estimate fruit dry 
weight. No differences in fruit growth with one or with two fruits per truss were 
observed and therefore measured fruit growth rate was assumed to be the potential 
rate of growth. The potential growth rate of a truss (PGR) is given by the first deriva-
tive of the Richards growth function (Richards, 1959), relating fruit dry weight to time 
after anthesis (Heuvelink and Marcelis, 1989). However, these authors showed that, 
when plotted against truss developmental stage, PGR was little affected by tempera-
ture. Therefore one set of parameter values is sufficient to describe the potential dry 
weight growth of trusses at different temperatures satisfactorily: 
l 
-b (TDVS.-C) 
Nf ab(l+e ) 
PGR, = [5] 
b (TDVS.-C) (d-1) (e Vl) 
where PGR, is potential growth rate of a truss (g d"1), Nf is the number of set fruits per 
truss, TDVS, is the truss developmental stage at t days after anthesis and a (0.138), 
b (4.34), c (0.278) and d (1.31) are the parameters in the Richards growth function. 
Experiment and procedure to derive the parameters are given elsewhere (Heuvelink 
and Marcelis, 1989). The value for a was reduced by 12% (Chapter 2), compared with 
Chapter 5.7, to correct for the drying temperature, 60°C instead of 105°C, the interna-
tionally accepted standard (ISO 6496-1983). 
Potential growth rate of vegetative parts 
As proposed by Kano and Van Bavel (1988), the total vegetative sink strength 
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(potential growth rate) of a tomato plant was assumed to be constant. Analogous to 
the sink strength of fruits, sink strength of vegetative organs is quantified by their 
potential growth rates achieved at non-limiting assimilate supply. However, at such 
conditions storage of excess assimilates in leaves and stem (Ho et al, 1983) may lead 
to an over-estimate of vegetative sink strength. Moreover, prolonged exposure to low 
sink-source ratio can even reduce leaf growth (Nederhoff et al, 1992). Therefore, an 
'effective' potential growth rate of the vegetative plant part was derived indirectly by 
running the model with different values for the potential growth rate of the vegetative 
part and choosing the value which gave the best linear fit of simulated against meas-
ured cumulative fraction of dry matter allocated to the fruits. This procedure was 
applied to the data of the experiment described in Chapter 5.3 and to Experiment 3 
described in Chapter 3.1. In both experiments all trusses were pruned to three or seven 
flowers at anthesis. The experiment described in Chapter 5.3 was conducted in two 
greenhouse compartments with different temperature regimes, constrained to the same 
average temperature. From these six data sets, the potential growth rate of the vegeta-
tive parts was estimated to be 2.8 g d'1, which is more accurate than the value of 3.0 
g d'1 adopted in Chapter 5.7. 
Within the vegetative parts, dry matter is distributed according to fixed ratios be-
tween leaves, stem and roots. For the ratio between leaves and stem this is a plausible 
assumption (Chapter 2). All sinks derive their assimilates for growth from one common 
assimilate pool. Indeed, for tomato no significant influence of distance (transport 
resistance) between source and sink on dry matter distribution was observed (Chapter 
5.2). The same assumption was made by Marcelis (1994b) for cucumber. 
Vegetative part composed of vegetative units 
In a more detailed description (De Koning, 1994), vegetative sink strength is calcu-
lated as the integral of sink strengths of each vegetative unit (stem and three leaves 
between two trusses): 
PVGRi,, = 3.59 e"° 168(Tt"19) PFGRu [6] 
where i is the truss number, Tt is the 24 h average temperature (°C), PVGRi,t is the 
potential growth rate for a vegetative unit (g d"1) and PFGRi,t is the potential fruit 
growth rate (g d"1) for a single fruit of the corresponding truss, both at t days after start 
of growth (explained below). A vegetative unit starts to grow about three weeks 
(depending on temperature) before the corresponding truss, e.g. at anthesis of truss 5, 
vegetative unit 8 starts to grow. Eqn [6] describes a direct effect of temperature on the 
ratio between vegetative and generative sink strength, as observed by De Koning 
(1994). This direct effect of temperature is tested in the present work. In other cases, a 
constant ratio of 3.0 (value at 20°C in eqn [6])is adopted. 
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The development rate of a vegetative unit is set equal to that of a fruit (De Koning, 
1994) and a unit stops growing when its developmental stage exceeds 1. Hence, 
possible growth of (the stem part of) a vegetative unit after this stage has been 
reached, was ignored. Before anthesis of the first truss, vegetative growth is an input. 
Usually 9-12 leaves (Dieleman and Heuvelink, 1992), precede the first truss and 
thereafter a vegetative unit contains three leaves. Therefore, sink strength of the first 
vegetative unit is assumed to be higher than that of a unit with three leaves. A multipli-
cation factor of 2.5 was adopted for this increase. This value is lower than what would 
be inferred from the number of leaves. However, the first few leaves are relatively 
small and hence have a low sink strength (De Koning, 1994). At anthesis of the first 
truss, the initial values for the developmental stages of the first three vegetative units 
are set at 0.38, 0.25 and 0.13, respectively (De Koning, 1994). These values result 
from model calculations at 20°C. The assumptions on the sink strength of the vegeta-
tive unit below truss 1 and the initial developmental stages of units 1, 2 and 3, are 
rather arbitrary. However, using a multiplication factor of 3.0 instead of 2.5, or 
increasing or decreasing the initial developmental stages of the lowest three units by 
50%, hardly influenced simulation results (data not shown), proofing that the system 
was rather insensitive to this particular detail. 
Materials and methods 
Tomato plants (Lycopersicon esculentum Mill. cv. Counter; De Ruiter Seeds, Bleis-
wijk, The Netherlands) were grown in soil (Experiments 1-6) or on rockwool slabs 
placed in containers (Experiment 7). Experiments 1-6 have been described elsewhere 
(see Table 1) and for all details to these descriptions is referred. Periodically (every 
6-23 days) plants were selected at random for destructive measurements. Number of 
visible (> 0.5 cm) trusses, dry weights (ventilated oven; 60°C for at least one week) of 
leaves (including petioles), stem, individual fruit trusses (including peduncles), re-
moved leaves and picked fruits were determined. In Experiment 3, fruit dry weight on 
the plant was determined as a whole and not for every truss separately. Leaf removal 
below the lowest truss still on the plant was conducted two to four times during an 
experiment. Fruits were picked when they started to change colour, three times a 
week. Samples dried at 60°C contain more water than those dried at 105°C, the 
internationally accepted standard (ISO 6496-1983). Fruit dry weights were divided 
by 1.12 to correct for this higher water content. For leaves and stem this difference 
was insignificant (only 1-2%) and therefore ignored (Chapter 2). Unfortunately, due to 
growing in soil, no measurements on the root system were feasible. 
Experiment 7 was conducted in three climate rooms (4 m x 4 m, 2.2 m high and lit 
with Philips TLD-hf 50W fluorescent tubes (colour 84) at a photosynthetic photon flux 
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Table 1. Some basic information on the experiments used for module validation. Experiments 




















three within-row plant distances: 
0.4 m, 0.6 m and 0.8 m, resulting in 
3.1, 2.1 and 1.6 plants m"2 
fruit pruning: 3 or 7 fruits per truss 
fruit pruning: 2, 4 or 6 fruits per truss 
fruit pruning in combination 
with plant density: 3, 5 and 7 fruits 
per truss at 4.8, 2.9 and 2.1 plants m"2, 
respectively 
no truss pruning (control) or every 
other truss removed at anthesis 
(-50% trusses) 
single-shoot plants (control) or double-
shoot plants with every even-numbered 
truss removed from one shoot and every 
uneven-numbered truss removed from 
the other shoot (50-50) or no truss 
removal on one shoot and all trusses 
removed from the other shoot (100-0); 
trusses removed at anthesis 
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density of 140 uiriol m'2 s'1, a day length of 16 h and a relative humidity of about 70%). 
Plants were raised and grown as described before (Chapter 5.3). Plant density was 
2.1 m'2. Three temperature treatments were conducted: 17, 20 and 23°C. From each 
climate room, every 18-30 days four plants were sampled for destructive measure-
ments. Only after the first two destructive measurements, these plants were replaced by 
spare plants. The same measurements were conducted as described for Experiments 
1-6. Treatments were finished at about equal plant developmental stage (15 trusses 
visible), which was 115, 95 or 77 days after planting at 17, 20 and 23°C, respectively. 
Model validation 
For each set of experimental data, a cubic spline function fitted to the total above-
ground dry weight was used to derive daily above-ground dry weight increase. In this 
way growth rates were somewhat smoothed compared with a linear interpolation 
between successive dry weight measurements. However, at every measuring date 
cumulative growth (weight) was equal to the measured dry weight, and the simulation 
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results were almost identical to results using linear interpolation (data not shown). 
Fitting a spline function was preferred instead of fitting a general growth curve to the 
data, as fluctuations in growth rate due to climatic conditions in the greenhouse are 
likely to have occurred. These fluctuations would be lost if, for example, a sigmoid 
type of growth curve was fitted to the data. 
The calculated daily dry weight increase was input in the model, together with initial 
dry weights, initial number of trusses and 24 h average temperatures inside the green-
house. The actual number of fruits set per truss was also input. This number was 
almost equal to the desired number of fruits, except for Experiment 7 (Table 1). In 
Experiment 5, number of set fruits per truss was not recorded, but as desired number 
was only five fruits per truss, numbers achieved are likely to have been close to the 
desired number, which was input in the model. Note that only above-ground dry matter 
distribution was simulated, whereas total above-ground dry weight increase (including 
assimilate storage) was input to the model. Roots were not taken into account in the 
model validation. 
One way of judging model performance was by linear fit of simulated against meas-
ured cumulative fraction of dry matter partitioned into the fruits. The success of the 
model was quantified by the slope of the linear regression. When storage of assimilates 
was simulated, stored dry matter was added to the vegetative plant parts for calcula-
tion of the simulated fraction of dry matter partitioned into the fruits, as it is known 
that tomato can store assimilates in the leaves and stem (Ho et al., 1983). 
Results 
Validation of the model 
For Experiments 1-6 simulated dry matter partitioning showed good agreement with 
the measurements (Fig. 1). The slope of the regression lines relating simulated to 
measured fraction dry matter partitioned to the fruits (16 data sets) varied between 
0.92 and 1.11, on average it was 1.04, implying 4% over-estimation for this fraction. 
Simulated time course of fruit dry weight agreed well with measurements (data not 
shown): final fruit dry weight was on average only 1% over-estimated. Highest dis-
crepancies were observed in Experiment 1 (13% over-estimation at lowest plant 
density), Experiment 5 (13% over-estimation when every other truss was removed) 
and Experiment 6 (12% under-estimation for both double shoot treatments). In 
Experiment 6, the model over-estimated distribution to the fruits when the cumulative 
fraction was below 0.3, whereas thereafter distribution to the fruits was under-
estimated (Fig. IF). Both double-shoot treatments showed the same relationship 
between simulated and measured fraction distributed to the fruits (Fig. IF). In all 
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Fig. 1. Simulated cumulative fraction of dry matter allocated to the fruits plotted against 
measured fractions in six validation experiments. Simulation with a constant vegetative sink 
strength ( • , • , • ) or a vegetative sink strength calculated from vegetative units (0,D,A). 
A, Experiment 1, 0.4 m (»,0), 0.6 m (A,A) and 0.8 m (•,D) within-row plant distance. 
B, Experiment 2, 3 (A,A) and 7 (•,D) fruits per truss. C, Experiment 3, 2 (9,0) 4 (A,A) and 
6 (•,D) fruits per truss. D, Experiment 4, 3 (•,()) 5 (A,A) and 7 (MJJ) fruits per truss. 
E, Experiment 5, no truss pruning (A,A) and every other truss removed at anthesis (•,[]). 
F, Experiment 6, single-shoot plants (•,()), double-shoot plants with one shoot without any 
trusses and the other shoot not pruned (A,A) and double-shoot plants with removal of every 
other truss on both shoots (•,[]). 
growth period) was in accordance with the measurements (data not shown). 
Assimilate storage at the end of an experiment was simulated for Experiment 2 
(three fruits per truss), Experiment 3 (two and four fruits per truss), Experiment 4 
(seven fruits per truss) and Experiment 6 (double-shoot plants). Simulated stored dry 
weight at the end of an experiment was 330-420 mg g"1 measured vegetative dry 
weight (excluding removed leaves), except for Experiment 4 (seven fruits per truss) 
were this was 170 mgg'1. Also in the control plants of Experiment 6, storage was 
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Fig. 2. Simulated vegetative (— 
generative ( 3, 5 and • 
either constant or calculated from vegetative units) and 
• 7 fruits per truss) sink strength in Experiment 4. 
simulated of up to one third of measured vegetative dry weight, but at the end of the 
simulation assimilate pool was empty. 
It was expected that the more detailed model would result in a better simulation of 
dry matter allocation. Indeed, it performed slightly better (Fig. 1): the slope of the 
regression lines relating simulated to measured fraction of dry matter partitioned to the 
fruits varied between 0.89 and 1.08, on average it was 1.01. Simulation of final fruit 
dry weight did not improve, on average it was under-estimated by 1% and this per-
centage varied between 15% under-estimation and 11% over-estimation. 
For Experiment 4, simulated vegetative sink strength increased from 1.7 to 3.4 g d"1 
per plant, according to the more detailed model (Fig. 2). By the time of the first fruit 
harvest (sudden decrease in generative sink strength) the lowest four vegetative units 
had already stopped growing. Both vegetative and generative sink strength remained 
almost constant after first harvest. Sudden decreases in sink strength resulted from the 
removal of trusses or leaves. A larger number of fruits per truss resulted in larger 
decreases in generative sink strength. Average vegetative sink strength over the whole 
growing period was 2.86 in the detailed model, whereas it was constant at 2.80 in the 
simple version. 
In general, simulated individual truss growth curves showed reasonable agreement 
with the measurements (Figs. 3 and 4). Simulation results, assuming a constant vege-
tative sink strength, hardly differed from those of the more detailed model. Usually, 
final dry weights of the lower trusses (truss 1-3) were over-estimated (on average by 
17%, Table 2). 
For Experiment 7, the slope of the regression lines relating simulated to measured 

























1/ y / / Ï 
T 







// f A 1 / / / / 
\ A 
• i > i , 
90 120 150 180 
Day of year 
Fig. 3. Measured (•,•,•) and simulated ( , constant vegetative sink; , vegetative units) 
truss growth curves in Experiment 2: (•) truss 1; (A) truss 3 and (•) truss 5. (A) 3 and (B) 7 
fruits per truss. Vertical bars indicate standard error of mean, when larger than symbols. 
23°C, respectively, when no direct influence of temperature on partitioning was 
assumed in the model (Fig. 5). If a direct influence of temperature, according to eqn [6], 
was assumed, these slopes were 0.81, 0.94 and 1.19, respectively. Hence, assuming a 
direct temperature influence led to 19% under-estimation in partitioning to the fruits at 
17°C and to 19% over-estimation of partitioning to the fruits at 23 °C. 
Discussion 
Range of conditions tested and measure for model validity 
Total plant growth varied widely, as a result of different planting dates and plant 
densities (Experiments 1 and 4). The proportion of dry matter distributed to the fruits 
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Table 2. Simulated final truss dry weight divided by measured final truss dry weight for 













3 fruits per truss 
7 fruits per truss 
3 fruits per truss 
5 fruits per truss 
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Fig. 4. Measured (»,0,A) and simulated ( , constant vegetative sink; , vegetative units) 
truss growth curves in Experiment 4: 3 (•), 5 (O) and 7 (A) fruits per truss; (A) truss 1; (B) 
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Measured fraction 
Fig. 5. Simulated (vegetative sink based on vegetative units) cumulative fraction of dry matter 
allocated to the fruits plotted against measured fractions in Experiment 7 at 17°C (»,o), 20°C 
(A,A) and 23°C (•,•). No direct influence of temperature on the ratio between generative and 
vegetative sink strength (•,•,•) or using eqn [6] in the model (O,A,0). 
at the end of an experiment varied between only 0.31 in Experiment 3 (two fruits per 
truss) to 0.57-0.59 in Experiment 1 (Fig. 1). Unfortunately, validation of temperature 
response is mainly restricted to Experiment 7, as in Experiments 1-6 average tempera-
ture did not vary much (Table 1). It is emphasised, that validation experiments were 
not used in model development and calibration, a necessary condition which is often 
not respected (see Introduction). 
Model validity was accessed by linear regression of simulated cumulative fraction of 
dry matter partitioned to the fruits against measured fraction. A more informative 
comparison would be based on the measured and simulated time course of the daily 
fraction of dry matter distributed to the fruits (e.g. Marcelis, 1994b). However, the 
present measurements did not allow for such a comparison. Plants were sampled over 
periods of one week or longer and measurements were destructively, which increases 
experimental error (within-plant variation), especially at low plant numbers. 
Truss sink strength proportional to the number of fruits per truss? 
Assuming truss sink strength to be proportional to the number of fruits per truss, 
resulted in a good agreement between measured and simulated dry matter partitioning 
in fruit pruning experiments (Fig. 1B,C,D). However, it should be noticed that the 
maximum number of fruits per truss was seven in the present experiments, whereas De 
Koning (1994) measured 9-11 fruits per truss in a commercially grown crop. He 
observed a relatively low potential fruit weight for the distal fruits on a truss (position 
6 and 8 were measured). Hence, it is expected that assuming identical sink strength for 
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all fruits on a truss will over-estimate truss sink strength in case of a large (>7) number 
of fruits per truss. 
Why is dry weight of lowest trusses over-estimated? 
Final dry weights of the lower trusses (truss 1-3) were almost always over-estimated 
(Table 2), whereas cumulative partitioning between fruits and the vegetative plant part 
was simulated in agreement with the measurements (Fig. 1). Hence, the simulated sink 
strength of the lower trusses was too high relatively to sink strength of the higher 
trusses. Indeed, De Koning (1994) observed a significant increase in potential fruit 
weight with truss number, which may be explained by enlargement of the apex and 
subsequent increase of the fruits' cell number during ontogeny. This ontogenetic effect 
was most pronounced in early-season crops, most likely as a result of the effect of 
irradiance on assimilate availability (De Koning, 1994). The saturation-type function 
relating truss sink strength to truss position, developed by De Koning (1994) and more 
pronounced at low irradiance, was tested in our validations (data not shown), but 
results were unrealistic, as simulated total plant sink strength in the first weeks after 
first anthesis was lower than measured plant growth in most experiments. When 
partitioning among trusses has to be predicted accurately, for example for the predic-
tion of harvest weight in time, modelling ontogenetic effects on sink strength of fruits 
and vegetative units seems necessary. Hence, more research is needed on these rela-
tionships. 
One common assimilate pool and storage of assimilates 
The assumption of a common assimilate pool, although preferences in assimilate 
distribution are reported (Tanaka and Fujita, 1974; Ho and Hewitt, 1986), yielded 
good simulation results, even for quite extreme conditions (Experiment 6; Fig. IF). If 
distance between source and sink were to play an important role in assimilate partition-
ing, one would expect over-estimation of distribution to the fruits for the 100-0 
double-shoot plants and agreement with the measurements for the 50-50 double-shoot 
plants. Because such differences between the two double-shoot treatments were not 
observed (Fig. IF), there is no reason to abandon the assumption of a common assimi-
late pool, equally accessible to all sinks on a tomato plant. 
Assimilate storage, which was simulated in some treatments, seems likely (Chapter 
5.2). Storage was almost exclusively simulated in treatments with a low fruit-leaf ratio, 
probably resulting in sink limitation. Simulated storage was 170-420 mg g"1 measured 
vegetative dry weight, which is high but not impossible. For example, Ammerlaan et al. 
(1986) reported for tomato leaves a starch content of 140-590 mg g"1 dry weight and 
from Yelle et al. (1989) a starch content of 90-360 mg g'1 leaf dry weight can be 
deduced. However, carbohydrates would have to be determined to validate the amount 
of assimilates stored. Storage in the simulations may occur as a result of plant sink 
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strength being simulated too low. De Koning (1994) concluded that in commercially 
grown crops the actual crop growth rate was about half the potential rate. About the 
same average value was calculated from the simulations of Experiments 1-6 for single 
shoot treatments with seven fruits per truss (data not shown). However, large fluctua-
tions in the ratio between crop growth rate and total sink strength were observed. 
A direct influence of assimilate supply or temperature on partitioning? 
Assimilate supply had no direct influence on dry matter distribution, which was clearly 
shown in Experiment 1. Total plant growth was almost doubled at 0.8 m compared 
with 0.4 m within-row plant distance (Chapter 5.4), whereas fruit dry weight increase 
was simulated reasonably well for both treatments (Fig. 1A). Indirect influence of 
assimilate supply through fruit abortion was excluded by fruit pruning to rather low 
levels: a maximum of seven fruits per truss was allowed. Hence, equal numbers of 
fruits per truss could be achieved for the three plant densities in Experiment 1 
(Table 1). 
In Experiment 7 (Fig. 5), no evidence exists for a direct influence of temperature on 
the ratio between vegetative and generative sink strength. Interpretation of Experiment 7 
is only possible by using the model, as indirect temperature effects on truss appearance 
rate and fruit abortion (Table 1) are obvious. Results are in agreement with a green-
house experiment, where indirect temperature effects were (almost) excluded (Chapter 
5.3). The direct temperature influence estimated by De Koning (1994) and represented 
in eqn [6], seems to be too strong (Fig. 5). Experiment 7 was not sensitive enough to 
exclude a small direct temperature influence on partitioning, as only a few destructive 
harvests and no repetitions were conducted. 
A constant vegetative sink strength? 
At constant vegetative sink strength, simulated dry matter partitioning between fruits 
and the vegetative plant part was almost the same as for the more detailed model and 
in good agreement with the measurements (Fig. 1). Agreement between the two ways 
of modelling vegetative sink strength can be easily explained, as in the detailed model 
vegetative sink strength did not differ much from the constant value of 2.8 (Fig. 2). 
The attractiveness of using a constant vegetative sink strength is its simplicity. How-
ever, modelling vegetative sink strength based on vegetative units enables the simula-
tion of stopping of a plant: no new vegetative units are initiated. Secondly, this feature 
enables parameterization (e.g. potential weight) of a unit according to its position on 
the plant. Such an ontogenetic increase has been observed for tomato fruits (De 
Koning, 1994) and may also exist for the vegetative plant parts. 
Applicability of the model 
Modelling dry matter partitioning based on dynamic sink strengths of organs looks very 
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promising, as it is a general, mechanistic and flexible approach, showing good agree-
ment between measurements and simulation for a range of conditions. Although the 
structure of the model is general, many parameters (e.g. truss appearance rate and 
potential fruit growth rate; De Koning, 1994) are crop- or even cultivar-specific. When 
another crop is modelled, more changes may be necessary, even concerning model 
structure. 
Number of fruits per truss is not simulated, but input in the present model. This is a 
serious limitation on the general applicability of the model. Fruit abortion is a major 
feedback mechanism in the tomato plant. Low availability of assimilates reduces the 
number of new fruits through flower and/or fruit abortion (Atherton and Harris, 1986). 
Several workers have described fruit abortion as a function of sink-source ratio (e.g. 
Bertin and Gary, 1993a; Dayan et al, 1993a; Marcelis, 1994b; Berlin, 1995). This 
approach, however, clearly has its limitations: Marcelis (1994b), working with cucum-
ber, needed different functions at different temperatures and Bertin and Gary (1993a) 
and Bertin (1995) report different functions for the same tomato cultivar. De Koning 
(1994) used growth of the vegetative unit during the first three weeks after initiation as 
a predictor for fruit abortion. This approach is based on the reasoning that availability 
of assimilates for the apex will stimulate both vegetative growth in the plant top and 
the number of flowers initiated per truss. De Koning's (1994) approach may be useful, 
but in a validation on commercially grown crops, number of fruits per truss was not 
predicted satisfactorily (De Koning, 1994). More research is needed to come to a more 
general applicable, and thoroughly validated description of flower and/or fruit abortion. 
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the model 
Heuvelink E. 1996. The effect of removal of one truss on the growth of the remaining 
trusses: re-interpretation of an experiment with respect to assimilate transport 
resistance. Annals of Botany (Submitted). 
Abstract 
The influence of transport resistance (distance between source and sink) on assimilate 
partitioning in tomato is questioned. Slack and Calvert (1977) removed one of the first 
nine trusses of a tomato plant as soon as possible after its appearance. Trusses were 
not removed from control plants, and all plants were 'stopped' by pinching-out the 
growing point, leaving two leaves above the tenth truss. These authors concluded that 
'in the absence of an adjacent carbon sink the available material moves towards the 
remaining trusses and is absorbed by them in amounts related to their distance from the 
providing leaves', thus inferring a direct influence of distance from source on assimilate 
partitioning. Using a dry matter distribution model for tomato, based on the hypothesis 
that dry matter distribution is regulated by the sink strengths of the plant organs and no 
influence of transport resistance on partitioning exists, it is shown that the results of 
Slack and Calvert (1977) could be explained more straight-forward on the basis of the 
succession of trusses with a growth pattern shifted over time. Therefore, their results 
do not prove that transport resistance does play a role in assimilate partitioning. 
Introduction 
Assimilate partitioning into different parts of a plant is of great importance in crop 
production. It is generally agreed that the distribution of assimilates among sinks is 
primarily regulated by the sinks themselves (Gifford and Evans, 1981; Farrar, 1988; 
Ho, 1988), whereas the transport resistance along the pathway from source to sink is 
of minor importance (Farrar, 1992). The latter point, meaning equal access to an 
apparent common assimilate pool for all sinks, was shown in double-shoot tomato 
plants (Chapter 5.2). However, a significant influence of distance between source and 
sink on partitioning in tomato was claimed by Slack and Calvert (1977). They ob-
served that when at anthesis one out of the first nine trusses of a tomato plant was 
removed, and plants were 'stopped' two leaves above the tenth truss, the remaining 
trusses showed increased growth compared with plants where no trusses were re-
moved. Increased truss growth was negatively related to the distance of a truss to the 
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position of the removed truss, suggesting that transport resistance plays a significant 
role in partitioning (Slack and Calvert, 1977). However, a more straight-forward 
explanation of their results would be that trusses closest to the one excised get the 
highest yield increase, as lower trusses have a shorter growth period left to take profit 
of removing a truss and higher trusses miss a larger part of the period were removal of 
the truss plays a role. 
In the present work, the dry matter distribution model presented in Chapter 5.5 is 
used to test whether the results of Slack and Calvert (1977) could be explained quanti-
tatively, ignoring transport resistance. Daily plant dry weight increase was not meas-
ured by Slack and Calvert (1977) and therefore in the simulation it is taken from an 
experiment with about the same sowing date and growth period as their experiment. 
Sensitivity of model predictions to model input (daily dry weight increase and tempera-
ture) is tested. In accordance with the observations of Slack and Calvert (1977), it is 
assumed that removing one out of ten trusses does not influence number of set fruits 
on the remaining trusses. 
Model description 
A complete model description is given in Chapter 5.5. Here only the most important 
features of the model are summarised. In the model, dry matter partitioning is primarily 
regulated by the sinks and time step of the model is one day. Average 24 h temperature 
is input to the model. The elements described in the model are the individual fruit 
trusses and vegetative units (three leaves and stem internodes in between two trusses). 
The term 'sink strength' is used to describe the competitive ability of an organ to 
attract assimilates (Wolswinkel, 1985). 
Sink strength of an organ is quantified by its potential growth rate (growth rate 
under non-limiting assimilate supply). Sink strength of trusses and vegetative units 
follow an optimum curve based on their developmental stage. Developmental stage of 
a sink organ results from its integrated development rate, which is primarily determined 
by temperature. The initiation rate of new organs is determined by temperature only. 
Potential fruit weight is known to increase with truss number on the plant (De 
Koning, 1994). This effect may be important for the present use of the model, how-
ever, it is not simulated. Therefore, a relationship describing the increase in organ sink 
strength with position on the plant, taken from De Koning (1994), was added to the 
model: 
aj = 9.2(1-0.878 e-°143i-00465RAD) [1] 
where da is the asymptotic maximum of the Richards growth function ('a' in eqn [5] 
204 
Re-interpretation of a literature experiment 
from Chapter 5.5), i is the truss number and RAD is the average daily radiation integral 
received by the crop over a period of three weeks after flowering of the first truss 
(MJ m'2 d'1). Hence, also daily global radiation was input to the model. According to 
eqn [1], sink strengths of trusses and vegetative units are dependent on their position 
on the plant, lower trusses and units following a reduced curve (Fig. 1). The increase 
of the potential growth curve with position on the plant depends on irradiance level, 
maximum potential growth curve is reached at a lower position on the plant under high 
irradiance compared with low irradiance. The influence of the assumption that organ 
sink strength increases with position on the plant was tested by comparing simulation 
results with results of the original model described in Chapter 5.5. 
Materials and methods 
Slack and Calvert (1977) removed one of the first nine trusses of a plant as soon as 
possible after its appearance at the growing point. In Treatment 1 only the first truss 
was removed, in Treatment 2 only the second truss was removed, and so on up to and 
including the ninth truss. Trusses were not removed from control plants, and all plants 
were 'stopped' by pinching-out the growing point, leaving two leaves above the tenth 
truss. 
Treatments of Slack and Calvert's (1977) experiment were simulated, using the 
total daily growth rate (calculated as described in Chapter 5.5), 24 h average tempera-
ture and daily global radiation of Experiment 3 (six fruits per truss) from Chapter 5.5 
as input to the model. Experiment 3 was used as this crop had about the same sowing 
date (November) and growing period as the experiment of Slack and Calvert (1977). 
0.0 
0 40 80 120 
Days after anthesis of first truss 













































i i i i i 1.00 
- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 
Truss position 
Fig. 2. Relative truss weight over controls for trusses above (positive numbers) and below 
(negative numbers) an excised truss (0) on tomato plants. Measurements (• , reprinted, with 
permission, from the Journal of Horticultural Science, 52, page 312, Slack and Calvert, 1977) 
and simulation (lines; Experiment 3 from Chapter 5.5 using the model with influence of 
position on the plant on organ sink strength and at 20°C and a daily plant growth rate of 3.5 g 
using the model with ( ; radiation level in the first three weeks after first anthesis was set at 
3.3 MJ m"2 d"1) or without ( ) influence of position on the plant on sink strength of a truss 
or vegetative unit. Vertical bars indicate standard error of mean. 
In the simulation sink strength of vegetative units higher than the 11th unit and sink 
strength of trusses above the tenth truss were set to zero, as plants were 'stopped' two 
leaves above the tenth truss. 
To test the sensitivity of model predictions to model input, also simulations were 
conducted, assuming a constant daily plant growth rate of 3.5 g [average value meas-
ured in Experiment 3 (six fruits per truss) from Chapter 5.5] or 5.0 g, and at constant 
temperatures (17, 20 or 23°C). In these simulations seven fruits per truss were as-
sumed. 
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Results 
In agreement with the measurements of Slack and Calvert (1977), the distribution 
model predicted weight increase in some of the remaining trusses when one truss was 
removed at anthesis (Fig. 2). The largest increases occurred on the trusses adjacent to 
the excised truss with smaller increases on the more distant ones (Fig. 2). This was also 
true for the individual treatments (Table 1), just as observed by Slack and Calvert 
(1977). Although absolute values for relative truss weights were slightly different 
depending on model input and whether or not position on the plant influenced simu-
lated organ sink strength (Fig. 2), the conclusion drawn before was valid for all three 
simulations. Temperature and daily plant growth rate hardly affected the predicted 
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Truss position 
Fig. 3. Relative truss weight over controls for trusses above (positive numbers) and below 
(negative numbers) an excised truss (0) on tomato plants. Measurements (•, reprinted, with 
permission, from the Journal of Horticultural Science, 52, page 312, Slack and Calvert, 1977) 
and simulation (lines; 17°C ( ) or 23°C ( , ) and a daily plant growth rate of 
3.5 g ( , ) or 5 g ( ); no influence of position on the plant on sink strength of a 
truss or vegetative unit was assumed). Vertical bars indicate standard error of mean. 
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Table 1. Simulated relative yield (final yield divided by the yield from the control plants) from 
individual trusses. In the simulation, no influence of position on the plant on sink strength of a 
truss or vegetative unit was assumed and daily plant growth rate and temperature were as-


















































































































Slack and Calvert (1977) explained the higher yield increases in trusses closest to the 
excised truss (Figs. 2 and 3) by assuming that the remaining trusses would absorb 
larger amounts of available material (excised truss) the smaller their distance from the 
providing leaves. However, this 'distance effect' was also observed in the simulation, 
whereas distance to the providing leaves was not taken into account in the model. 
Therefore it is more likely that the trusses closest to the one excised get the highest 
yield increase as lower trusses have a shorter growth period left to take profit out 
of the removal of a truss and higher trusses miss a larger part of the period were 
removal of the truss plays a role (Fig. 1). Note that one fruit growth period (about 
60 days at 20°C) after expected anthesis date of the excised truss, its removal does 
not play a role any more. Furthermore, trusses closest to the excised truss exhibit 
highest sink strength in the period where excision has the largest influence on total sink 
strength, i.e. the period where the highest sink strength of the excised truss would have 
occurred (Fig. 1). 
The general observation that sinks are supplied by the nearest sources (e.g. Tanaka 
and Fujita, 1974; Shishido and Hori, 1977) does not necessarily imply that phloem 
resistance plays a significant role in assimilate partitioning in plants, which has been 
suggested by Evans (1975). In the present simulations, assimilates from the leaves 
closest to the removed truss are mainly distributed to the trusses nearby, whereas 
distance between source and sink was not taken into account in the model. 
It is concluded that the results of Slack and Calvert (1977) can be explained more 
straight-forward than they did. The results can be fully explained on the basis of the 
succession of trusses with a growth pattern shifted over time (Fig. 1). Slack and 
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Calvert's (1977) experiment does not contradict the assumption of a common assimi-
late pool, equally accessible to all sinks on a tomato plant. This assumption was further 
supported by the double-shoot and truss removal treatments in Chapter 5.2. Hydraulic 
resistance of the phloem is expected to be negligible in most cases, as several authors 
concluded that fully differentiated phloem net-works have considerable spare transport 
capacity (Milthorpe and Moorby, 1969; Passioura and Ashford, 1974; Wardlow, 
1990). 
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Heuvelink E, Berlin N. 1994. Dry-matter partitioning in a tomato crop: comparison 
of two simulation models. Journal of Horticultural Science 69: 885-903. 
Abstract 
TOMSIM and TOMGRO are two dynamic models for tomato growth and develop-
ment. Their sub-models for dry matter distribution between leaves, stem and fruits 
were compared and discussed. In both models the simulated dry matter distribution is 
regulated by the relative sink strengths of the plant organs. These sink strengths are 
quantified by the potential growth rates of individual organs, i.e. the growth rates 
under conditions of non-limiting assimilate supply. This approach is general and not 
limited to the tomato crop. 
In TOMGRO, fruits, leaves and internodes stay within age classes and move from 
class to class during development, whereas in TOMSIM record is kept of every fruit 
truss separately but leaves and internodes are lumped together (i.e. no record of weight 
or leaf area per age class as in TOMGRO). In TOMSIM, vegetative sink strength is a 
constant, whereas in TOMGRO it is calculated from potential area expansion rate of 
leaves and specific leaf area. In both models, the ratio between leaf growth and stem 
growth is constant. In TOMGRO there is a feed-back mechanism which controls the 
vegetative-generative balance: a lower supply-demand ratio for assimilates induces 
higher fruit abortion rates. In TOMSIM the number of fruits set per truss is not 
simulated, but is an input to the model. 
TOMSIM-functions representing flowering rate, fruit growth period, vegetative 
sink strength and fruit sink strength were compared with similar TOMGRO-functions, 
in their dependence on temperature and physiological plant age. A sensitivity analysis 
was made for the effects of temperature, flowering rate, and fruit and vegetative sink 
strengths on dry matter distribution for both models. A validation of both models was 
based upon periodic destructive measurements in: (1) a greenhouse experiment in 
Wageningen, using a round tomato cultivar, consisting of a control treatment and a 
treatment where every other truss was removed at anthesis, and (2) two greenhouse 
experiments conducted in Montfavet, using a beefsteak tomato cultivar. Daily shoot 
dry weight increase, average 24 h greenhouse temperatures and number of fruits set 
per truss (in TOMGRO number of flowers per truss) were inputs to the models. In 
general, dry matter distribution was simulated well by both models for the cultivar and 
conditions where they were developed. TOMGRO's poor performance in one of the 
validations resulted from the absence of an assimilate storage pool. To achieve reason-
able agreement between measurements and simulations for situations other than where 
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the models were developed, parameter adjustments had to be made, most likely 
reflecting cultivar differences. Strong and weak points of both models are discussed. 
Introduction 
Economic yield of a tomato crop is determined by the accumulation of fresh weight in 
the harvestable organs and by the product price. Accumulation of fresh weight is to a 
great extent determined by accumulation of dry weight, although De Koning (1993) 
reported variations in the dry matter concentration of tomato fruits from 5.2% in 
spring to 6.0% in summer. Dry weight accumulation in the harvestable organs depends 
on the total amount of assimilates available for growth (determined by photosynthesis 
and respiration) and on the dry matter distribution among the plant organs (Challa and 
Schapendonk, 1986). 
Many theories (e.g. descriptive allometry and demand functions of sinks) have been 
proposed to explain the mechanism by which assimilates are distributed among plant 
organs. Marcelis (1993c) concluded in his review on simulation of biomass allocation 
that this mechanism is still only poorly understood. Therefore, even in explanatory 
crop growth models distribution of assimilates is often dealt with in an empirical way 
(Evans, 1990). With such an empirical approach (e.g. distribution functions which are 
dependent on time or crop developmental stage), reasonable predictions can be ob-
tained for field crops, like maize, wheat, peanut and soybean, which show a determi-
nate growth pattern (Spitters et al, 1989; Hoogenboom et al, 1990). However, in 
crops which grow indeterminately, like cucumber, sweet pepper and tomato, dry 
matter distribution changes dynamically (Hall, 1977; Liebig, 1978; De Koning, 1989b; 
Marcelis, 1992). The simulation of dry matter distribution based on the concept of 
demand functions (proposing the biomass allocation to be determined by the potential 
growth rates of sinks) or relative sink strengths seems promising for such crops 
(Marcelis, 1993c), as has been shown for cucumber (Schapendonk and Brouwer, 
1984), rose (Lieth and Pasian, 1991) and tomato (Heuvelink and Marcelis, 1989; Jones 
etal, 1991). The number of attempts to model dry matter distribution as a function of 
the potential growth rates of the plant organs (sinks) is still limited (Marcelis, 1993c). 
These models are not extensively validated and sometimes a supposed validation has 
been conducted on (partly) the same data as those used for model development (e.g. 
Jones et al, 1991; Lieth and Pasian, 1991). This is recognised not to be a proper 
method (McCarl, 1984). 
As no generally accepted and thoroughly validated way to model dry matter distri-
bution based on sink strengths is available yet, a comparison between two approaches 
is interesting. Therefore, in the present paper, simulation of dry matter distribution is 
compared in two tomato crop models with a modular structure. TOMSIM (partly 
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presented by Heuvelink and Marcelis, 1989) is compared with TOMGRO (Jones et al, 
1991) by conducting a sensitivity analysis and a validation on experimental data not 
used in model development. Model hypotheses and performance are discussed. 
Simulation of dry matter production in both models was presented and discussed in 
Chapter 4.3. 
Considering the different possibilities for simulating dry matter distribution 
(Marcelis, 1993 c) TOMSIM and TOMGRO are very similar, as both models use the 
approach of regulation by sink strengths of the plant organs without priorities 
(Marcelis, 1993c). However, state and flow variables differ in the two models. In 
comparing TOMSIM and TOMGRO two types of differences should be distinguished: 
differences in parameter values or functions and differences in the way of modelling 
(different underlying hypotheses). 
The aim of the present paper is to compare the way dry matter distribution is 
modelled in TOMSIM and TOMGRO. This might result in a new model, combining 
the best performing functions of both models. It is emphasised that, although both 
models are developed for tomato, the approach presented to simulate dry matter 
distribution in a dynamic way is valuable for indeterminately growing crops in general. 
Model description 
General 
In both models the simulated dry matter distribution is regulated by the relative sink 
strengths of the plant organs. These sink strengths are quantified by the potential 
growth rates of individual organs, i.e. the growth rates under conditions of non-
limiting assimilate supply. Total plant sink strength is calculated every day and com-
pared with the available biomass for growth. When the latter equals or exceeds the 
total sink strength, growth of all sinks occur at their potential rates. In TOMSIM, the 
assimilates not used for growth are diverted to a reserve pool and remain available. 
The next day these assimilates are part of the daily available biomass again. In 
TOMGRO there is no carbon storage and excess supply is lost. When the amount of 
available biomass is less than the total sink strength, the biomass is distributed between 
the sinks according to their sink strengths relative to the total sink strength. 
TOMSIM 
In TOMSIM (TOMato SIMulator) the time step is one day. Climatic data needed by 
the module for dry matter distribution are average 24 h greenhouse temperatures (°C) 
only, as light intensity, CO2 concentration and humidity are assumed to affect only the 
availability of assimilates, not their distribution. 
The model takes one truss as the smallest generative unit (Fig. 1), so that no indi-
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vidual fruits are simulated. In fact, a truss is considered as one big fruit. Trusses with 
Nf fruits appear (time of anthesis of W 2 flower) at a truss appearance rate (flowering 
rate), which depends on the natural logarithm of average 24 h greenhouse temperature, 
as measured for cv. Counter by De Koning (1994). Trusses are harvested after a 
certain truss growth period. This period is taken equal to the growth period of a fruit 
[FGP; time from anthesis to colouring of the fruit (d)], which decreases with increasing 
temperature (Heuvelink and Marcelis, 1989; Hurd and Graves, 1985; Klapwijk, 1987). 
However, sensitivity of fruit development rate (FDR; d'1) to temperature is not con-
stant during fruit development. De Koning (1994) and Heuvelink (unpubl. res.) found a 
higher sensitivity to temperature just after anthesis and especially 1-2 weeks before 
fruit colouring. Therefore FGP is simulated based on an FDVR where the tempera-
ture sensitivity of this rate depends on the fruit develop mental stage (FDVS; De 












Fig. 1. Schematic presentation of the dry matter distribution module in TOMSIM. N t i = 
Number of fruits on truss i; PSS = Plant sink strength; R, = Ratio of biomass available to plant 
sink strength; TDVR = Development rate for truss i; TDVSi = Developmental stage for truss i; 
TDWj = Dry weight for truss i; TGR = Growth rate for truss i; TSSj = Sink strength for 
truss i; VGR = Growth rate of vegetative plant parts and VSS = Sink strength of vegetative 
plant parts. 
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(TDVS) is taken equal to fruit developmental stage (FDVS). TDVS equals zero at 
anthesis of the Nf/2 flower and the truss is harvested (TDVS = 1) at harvest date of 
this fruit. 
The potential growth rate of a truss (PGR) is given by the first derivative of a 
Richards growth function (Richards, 1959): 
l 
-b (TDVSt-c) N f a b ( l + e ) 
PGR, = [1] 
b (TDVS.-C) (d-1) (e '+1) 
in which PGR, is truss potential growth rate (g d"1), Nf is the number of fruits set per 
truss and is an input to the model, TDVSt is the truss developmental stage at t days 
after anthesis and a (0.154), b (4.34), c (0.278) and d (1.31) are the parameters in the 
Richards growth function. Parameter values for this function were calculated as 
described by Heuvelink and Marcelis (1989). These authors also present the climate 
room experiments, from which measurements of potential fruit growth rates (plants 
pruned to one fruit per truss) were taken. 
As proposed by Kano and Van Bavel (1988), the total sink strength (potential 
growth rate) of the vegetative parts of a tomato plant was assumed to be twice the 
maximum sink strength of one truss. In TOMSIM vegetative sink strength is set to a 
constant value of 2 x 7 (= Nf) x 0.214 = 3.0 g d"1. Seven fruits per truss are taken as a 
standard situation for a truss of a round tomato cultivar. Within the vegetative plant 
part dry matter is distributed according to fixed ratios (leafstem = 7:3; Chapter 2). 
In the model, sink strength of each truss is accumulated together with the constant 
sink strength of the vegetative plant parts to obtain the total sink strength of the plant. 
Note that there is no influence of biomass availability on dry matter distribution in 
TOMSIM. 
TOMGRO 
In TOMGRO, development rates are calculated at an hourly step and all state variables 
are updated every 24 h. Climatic data needed are hourly values for temperature and 
C02 and daily total photosynthetically active radiation. The tomato plant is represented 
by seven state variable vectors consisting of n physiological age classes (box-car train 
method; De Wit and Goudriaan, 1978) of plant components: number of leaves, number 
of main stem segments, number of fruits, dry weight of leaves plus petioles, dry weight 
of main stem segments, dry weight of fruits and area of leaves (Fig. 2). There are 
20 age classes. However, values for physiological-age-dependent functions are given 
for ten age classes only, values for the other classes are accessed by interpolation. 
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strength of organs when temperature (T) is different from 28°C (the optimum; Jones et 
al., 1991): 
1.0 + 0.0281 (T-28) 12°C < T < 28°C 
Fn(T)= V [2] 
1.0-0.0455 (T-28) 2 8 ° C < T < 5 0 ° C 
Initiation rate of new nodes (leaf or truss) isa parameter of the model [0.55 nodes d'1 
at 28°C (Jones et al, 1989)] and cultivar-dependent. From first truss appearance, the 
rates of leaf and truss appearance are determined by node initiation rate and the ratio 
of trusses to leaves (0.33). From first fruit set, fruit initiation rate equals the rate of 
node formation multiplied by the ratio of new fruits to new nodes, which is an input to 
the model (cultivar-dependent) and depends on the developmental stage of the crop. 
All newly initiated organs (fruits, leaves and internodes) come into the first age class 
(Fig. 2). The mature organs accumulate in the last classes. Some of the newly initiated 
fruit abort before coming into the first class, when the ratio of total shoot assimilate 
supply to total shoot assimilate demand (Re) falls under a threshold value (Benin and 
Gary, 1993b): 
to 
, bRc Re < 0.35 
ABORT = < [3] 
' " R,.>0.35 
where ABORT is the fraction of newly initiated fruits that abort and a (0.80) and 
b (2.28) are regression parameters. 
For leaves, it is assumed that potential leaf area expansion rate (POL; m2 d"1) con-
trols leaf sink strength. The first derivative of a Gompertz function relating area of 
growing leaves to time from leaf appearance (Bertin, 1993) yields the potential area 
expansion rate of a leaf (at 20°C and a CO2 concentration of 340 nmol mol'1): 
T1/-1T u -Mt-c) - e -Kt -c ) . . . 
POL = a b e e [4] 
Fig. 2. (opposite) Schematic presentation of the dry matter distribution module in TOMGRO. 
Competition for biomass between organs (A), increase in leaf number, divided over n age 
classes (B), increase in fruit number, divided over n age classes (C) and increase in fruit dry 
weight, divided over n age classes (D). Increase in stem node number can be presented with a 
scheme similar to (B), increase in leaf and stem node dry weight can be presented with a 
scheme similar to (D). Abort = Fraction of newly initiated fruits that abort; CNN = Current 
node number (plant physiological age); Df, Di, Ds = Demand for assimilates of fruits, leaves 
and stem; Df(i) = Demand for assimilates of one fruit in age class i; FDW, LDW, SDW = 
Fruit, leaf and stem dry weight; FGR, LGR, SGR = Fruit, leaf and stem growth rate; FTN = 
Ratio of new fruits to new nodes; GRf{i) = Rate of increase in dry weight of fruits in age 
class i; NIR = Node initiation rate; PAR = Photosynthetically active radiation; Qf, Qj, Q„ = 
Number of fruits, leaves and stem nodes; Qj(i), Qj(i) = Number of fruits or leaves in age 
class i; Re = Ratio of carbon SUPPLY to DEMAND; rF, rL = Rate of newly formed fruits set 
and leaves; rF(i), rL(i) = Rate of transfer of number of fruits and leaves from age class i to age 
class i+1; rWf(i) = Rate of transfer offrait weight from age class i to age class i+1; SLA= 
Specific leaf area; TTL = Ratio of trusses to leaves; Wf(i) = Weight of fruits in age class i. 
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where t is the number of days from leaf appearance (about 2 cm long) and a (0.104), 
b (0.136) and c (13.6) are the parameters in the Gompertz function. The period from 
leaf appearance until reaching final dimensions was 50 days. This period was divided 
into ten classes and for each class the average value of eqn [4] was used in the model, 
after correction for the influence of temperature according to Fn(T) (measurement at 
20°C, whereas optimum temperature in the model is 28°C). The potential dry weight 
increase of a leaf is obtained by dividing the potential area expansion by the specific 
leaf area (SLA) of leaves that grow on a given day. Petiole demand is taken as a 
constant fraction of leaf demand (FRPET=0.435; Bertin, 1993): 
d-LAmin + (oLAfliax — O-LAmin) e 
SLA= [5] [l+ßi<24-T)] [l+ßc(CO2-350)] 
A,(i) = Q,(i) x POL(i) x Fn(T) x F(C02) [6] 
F(C02) = 1 + 0.0003 (CO2-350) [7] 
D| = (1+FRPET) x I (A,(i) / SLA) [8] 
where SLA,™ and SLA™* are the minimum and maximum values for SLA, PAR is 
daily photosynthetically active radiation (400-700 nm wavelength; mol m'2 d'1), ßr is 
the relative change in SLW (1/SLA) per °C, and ßc is the relative change in SLW per 
umol mol'1 of CO2. Numerical values for SLA™,,, SLA™, ßT and ßc are taken from 
Jones et al. (1991): 0.024 m2 g1, 0.075 m2 g1, 0.085 °C"' and 0.00085 (umol mol'1)"1 
CO2, respectively. Ai(i) is the potential leaf area expansion rate in age class i, Qi(i) is 
the number of leaves in this class and POL(i) is the leaf expansion rate at optimal 
temperature and a CO2 concentration of 350 umol mol'1 in class i. F(C02) represents 
the influence of C02 on developmental processes. Di is the total leaf sink strength, 
taking into account petiole growth. 
For stem it is assumed that for each internode sink strength (demand) is propor-
tional to leaf sink strength in each class (FRSTM = 0.33; Jones et al, 1991): 
Ds = SD1(i)xFRSTMxQ„(i)/Q,(i) [9] 
where Q„(i) is the number of internodes in class i and Ds is the total sink strength of the 
stem. 
Total fruit demand (Df) is computed as: 
Dr = £ Q<i) x POF(i) x F.(T) x F(C02) [10] 
i = l 
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with Qf(i) the number of fruits in class i and POF(i) the potential fruit growth rate 
(g d'1) in age class i at optimal temperature and aC02 concentration of 350 umol mol"1. 
POF(i) was taken as the first derivative of a Gompertz function, fitted to periodically 
estimated (based on diameter measurements) fruit dry weight on plants pruned to one 
fruit per truss (Bertin, 1993), with a (40.5), b (0.0698) and c (22.4) the parameters in 
the Gompertz function. Time from fruit set to fruit harvest (red fruits; 55 days at 20°C) 
was divided into ten classes and for each class the average value of the first derivative 
of the Gompertz function was used in the model, after correction for the influence of 
temperature according to Fn(T) (measurement at 20°C, whereas optimum temperature 
in the model is 28°C). 
The availability of assimilates influences dry matter distribution in TOMGRO indi-
rectly through its influence on fruit abortion. TOMGRO differs from the version 
described by Jones et al. (1991) in its fruit abortion function and the absence of a CO2 
effect on node initiation rate. Functions POL(i) and POF(i) were taken from Bertin 
(1993). 
Materials and methods 
Experiment in Wageningen 
Experiment 1 was conducted in a 12.8 m x 12 m compartment of the multispan Venlo-
type glasshouse of the Department of Horticulture (Wageningen, The Netherlands, lat. 
52°N). Seeds of a round tomato cultivar (Lycopersicon esculentum cv. Counter) were 
sown in trays filled with a commercial potting soil and placed in another compartment 
of the same greenhouse on 29 April 1991. Plants were pricked out in 12 cm plastic 
pots filled with the same potting soil and placed on benches on 8 May 1991. On 7 June 
1991 (flowering of the first truss) plants were transferred to the greenhouse compart-
ment, where they were grown in soil at a plant density of 2.1 m'2 (16 rows of 
16 plants). Plants were trained according to the high-wire system (Anonymous, 1986). 
The experiment ended on 19 September 1991, soon after the plants had reached the 
high-wire. Plant nutrition and chemical pest and disease control were conducted 
according to Anonymous (1986). Flowers were pollinated three times a week with the 
aid of an 'electric bee'. All fruit trusses were pruned to seven fruits per truss after fruit 
set. 
Temperature set-point was 18°C day and night and temperature (measured with 
PT100 elements) was recorded every 5 min by a commercial DAKO computer system 
(Hoogendoorn, 's Gravenzande, The Netherlands). Outside daily global radiation was 
measured at about 800 m distance from the greenhouse and hourly PAR values were 
calculated from these measurements using TOMSIM (Chapter 4.3). Carbon dioxide 
concentration was assumed to be 350 umol mol'1. 
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Two treatments were imposed: from half of the plants no trusses were removed 
(control), from the other half of the plants every other truss was removed at anthesis 
(-50% trusses). Experimental set-up was a randomised block design with four blocks. 
From each block one plant per treatment was taken every 10 or 11 days for destructive 
measurements. Plant material was separated into leaves (including petioles), stem, 
individual fruit trusses (including peduncles), removed leaves and picked fruits, and 
fresh and dry weights (ventilated oven; 60°C for at least one week) and leaf area 
(LICOR Model 3100 Area Meter) were determined. Also, number of leaves 
(> 0.5 cm), number of trusses and number of fruits per truss were recorded. Unfortu-
nately, due to the plants being grown in soil, no measurements on the root system were 
feasible. The plants to be used for destructive measurements were surrounded by guard 
plants and were replaced by spare plants of the same size, grown in 25 1 containers, so 
as not to disturb light distribution in the crop. 
Experiments in Montfavet 
Experiment 2 was conducted in Montfavet (South France, lat. 44°N) with beefsteak 
tomato cv. Capello and is described as Experiment 4 in Chapter 4.3. Only data from 
the control polycarbonate greenhouse (no CO2 enrichment) were used here. PAR 
above the canopy, temperature and CO2 concentration (measured by an infra-red CO2 
analyser; Siemens, München, Germany), were scanned every 10 s and averages were 
recorded every 10 min by a data logging system (ORION, Schlumberger). All trusses 
were pruned to seven flowers at anthesis, however, sometimes fewer than seven 
flowers reached anthesis. Number of leaves (> 2 cm), trusses (macroscopic appear-
ance), flower buds, opened flowers, set fruit (diameter > 1 cm), and aborted fruit, were 
recorded every two days on ten plants. 
Experiment 3 was conducted in a 6.4 m x 30.3 m compartment of a multispan 
Venlo-type glasshouse in Montfavet. On 5 December 1991, seedlings of a beefsteak 
tomato cultivar (Lycopersicon esculentum Mill. cv. Capello) were pricked out in 10 1 
pots filled with a balanced oxygenated nutrient solution, at a density of 2.2 m"2. The pH 
and electrical conductivity of the nutrient solution were measured every two days, and 
the solution was renewed as often as necessary to keep the pH between 5.5 and 7.0 
and the conductivity between 2.5 and 3.5 dS m"1. Day/night temperature set-point was 
21/19°C. PAR above the canopy and air temperature were scanned every 10 s by a 
data micrologger (Campbell, England) and averages were recorded every hour. CO2 
concentration was not measured and was assumed to be 350 umol mol'1. Pests and 
diseases were controlled as in commercial practice. 
The first three trusses were pruned to six flowers at anthesis, and only one flower 
was left on the succeeding trusses. Plants were treated as in Experiment 2. Numbers of 
leaves (> 2 cm), trusses (macroscopic appearance), flower buds, opened flowers, set 
fruit (diameter > 1 cm), and aborted fruit, were recorded every two days on seven 
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plants until 24 February. On 5 and 31 December 1991 and 23 January, 17 February 
and 6 April 1992 (end of the experiment) five plants were sampled for growth analysis 
as described for Experiment 4 in Chapter 4.3. 
Comparison and validation of the two simulation models 
Sensitivity analysis: A standard situation was defined to compare the sensitivity of dry 
matter distribution in both models to changes in input data and model parameters. 
Input of daily total shoot dry weight increase was set to 50% of measured dry weight 
increase in Experiment 1 (control). Shoot dry matter distribution was simulated for a 
period of 150 days (daily dry weight increase at days 106 to 150 was taken equal to 
50% of daily dry weight increase at day 105 in Experiment 1), starting from anthesis of 
the first truss (nine nodes below first truss, a total of 20 nodes initiated, leaves were 
equally distributed over the first ten age classes). Initial leaf area per plant was set to 
600 cm2 and initial plant dry weights for leaves, stem and fruits were 2, 1 and 0 g, 
respectively. It was assumed that there were always seven fruits per truss (fruit abor-
tion was set to zero in TOMGRO) and SLA was fixed at 0.03 m2 g"1. Temperature 
inside the greenhouse was taken to be 20°C and CO2 concentration was fixed at 
350 umol mol"1. TOMGRO's sensitivity to the abortion function was tested by reduc-
ing the constant and the slope in eqn [3] by 50% in two separate simulation runs. 
Model validation: For each of the four sets of experimental data used for model 
validation, a cubic spline function fitted to the total shoot dry weight was used to 
calculate measured daily shoot dry weight increase. This calculated daily dry weight 
increase was used as input for simulation of shoot dry matter distribution, together 
with initial dry weights and 24 h average temperatures inside the greenhouse. Fruit set 
was simulated by TOMGRO in all three experiments, but in the validation of Experi-
ment 1 the number of flowers per truss was set to seven (pruning) and fruit abortion 
was set to zero. In the validation of Experiment 3 the number of flowers per truss was 
set to six (pruning) for the first three trusses and to one for the higher truss numbers. 
For TOMSIM the observed number of fruits set per truss was always an input to the 
model. The observed number of fruits per truss was seven in Experiment 1 and four in 
Experiment 2. In Experiment 3 these values were 4.9, 5.9 and 5.7 for trusses 1, 2 and 
3 respectively, and for higher trusses only one fruit per truss was left. For validation on 
a cultivar, other than the one used to develop the model, flowering rate and potential 
fruit growth rate were multiplied by a constant factor in accordance with the measure-
ments on each cultivar. Only shoot dry matter distribution was simulated, whereas total 
shoot dry weight increase was an input to the model and was always in accordance 
with the experimental data, unless dry matter availability exceeded shoot demand in 




Roots were not taken into account in either the sensitivity analysis or the model 
validation. 
Results 
Comparison of some functions in the two models 
Flowering rate and fruit growth period: At equal temperature, predicted flowering 
rate (truss appearance rate) was higher in TOMSIM than in TOMGRO (Fig. 3A). 
Flowering rate in TOMSIM shows a stronger response to temperature than in 
TOMGRO and TOMGRO showed an optimum at 28°C (Fig. 3A). 
The influence of temperature on fruit growth period (Fig. 3B) was almost the same 
for TOMSIM and TOMGRO. The increasing fruit growth period with temperatures 
above 33°C in TOMGRO is not relevant as such high 24 h average greenhouse tem-
peratures are not likely to occur in mild or cool climates. 
Vegetative and fruit sink strength: In TOMSIM vegetative sink strength is constant. 
At 20°C, vegetative sink strength in TOMGRO was almost the same as in TOMSIM 
(not shown), and is of course strongly influenced by the chosen SLA value (eqn [8]). 
Vegetative sink strength in TOMGRO showed an optimum response to plant devel-
opment (number of nodes initiated). This optimum results from the fact that leaf 
initiation rate decreases by 25% after initiation of the first truss (every fourth node is a 
truss from that moment onwards). Vegetative sink strength stabilises at the moment 
the leaves initiated before flowering of the first truss are in the last age class (not 
shown). 
Potential fruit growth rate (Fig. 4) differs between TOMGRO and TOMSIM, both 
in level and in shape. Due to the use of age classes, this function is discontinuous in 
TOMGRO. The difference in level results from cultivar differences: the TOMSIM-
curve was measured for a round tomato cultivar, whereas the TOMGRO-curve was 
determined for a beefsteak tomato cultivar. Measured potential fruit weight was five 
times higher in the beefsteak tomato cultivar, compared with the round tomato cultivar 
(36 g and 7.2 g, respectively). 
Sensitivity analysis 
General: At standard conditions (20°C, seven fruits per truss) TOMSIM distributed 
31% of total dry matter to the fruits in the first growth period (Table 1). In TOMGRO 
(SLA fixed at 0.03 m2 g"1) a much higher percentage was simulated (39%). In later 
periods this percentage was 73% in TOMSIM, whereas in TOMGRO it stabilised at 
87% (Table 1). This means that under the same conditions the sink strength of the 
generative plant parts relative to the total plant sink strength is higher in TOMGRO 
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Fig. 3. Influence of temperature on flowering rate (A) and fruit growth period (B) in TOMSIM 
( ) and TOMGRO (-—). 
than in TOMSIM. For all four variables and for temperature, model sensitivity was 
highest in the first period (Table 1). However, except for the sensitivity to temperature 
and to the shape of the curve, this higher sensitivity could be explained by a lower 
fraction of dry matter distributed to the fruits in the first period, resulting in larger 
relative effects. 
Temperature: Influence of temperature appeared to be large in the young crop, and 
less in the second and third growth periods (Table 1). Higher temperature increased 
earliness (increased flowering and fruit development rate) and therefore, at higher 
temperature, a higher percentage of dry matter was distributed to the fruits in the first 
growing period. Higher temperature increased truss appearance rate, but decreased 
fruit growth period a little more, resulting in a small decrease in dry matter distribution 
to the fruits once the crop is in production. Temperature influence on dry matter 
distribution in the last period was almost equal in both models and asymmetric, as a 
decrease in temperature of 4°C influenced dry matter distribution more than an 
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Table 1. Sensitivity analysis for TOMSIM (A) and TOMGRO (B). The increase in fruit dry 
weight, relative to the standard situation (described in the paper), is presented for three periods 
of simulation with a 20% increase or decrease in the tested characteristic. For temperature an 
increase or decrease by 4°C was studied. For the standard situation, for a simulation with a 
potential fruit growth curve with a shape as used in the other model and for three versions of 
the abortion function (only for TOMGRO), the fruit dry weight increase (g m"2) is presented 
together with the dry weight distributed to the fruits, expressed as a percentage of the total in 
the period mentioned. 
Period after start of simulation (days) 
1-25 75-100 125-150 




Vegetative sink strength 
Fruit sink strength 
TOMGRO-shape for 




Node initiation rate 
Vegetative sink strength 
Fruit sink strength 
TOMSIM-shape for 
potential fruit growth curve 

















































increase of 4°C. This results from the larger influence on fruit growth period of a 
decrease in temperature than of the same increase, starting from 20°C (Fig. 3B). The 
influence of temperature on flowering rate was almost equal for both increase and 
decrease (Fig. 3 A). The influence of temperature on long-term dry matter distribution, 
as simulated by both models, was only small, which agrees with observations for 
cucumber (Marcelis, 1993a), sweet pepper (Bhatt and Srinivasa Rao, 1989) and 
tomato (De Koning, 1989b). 
Flowering rate: As a change in flowering rate is not accompanied by a change in 
fruit growth period (as when temperature is changed) there will be more trusses on the 
plant all the time at a higher flowering rate. As vegetative sink strength is independent 
of flowering rate in TOMSIM, more trusses on the plant resulted in a higher percent-
age of dry matter distributed to the fruits (Table 1). In TOMGRO, vegetative and 
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Fig. 4. Measured potential fruit growth rate as a function of fruit developmental stage in 
TOMSIM ( ) and TOMGRO ( ). A third curve ( ) represents the shape of the 
TOMSIM-curve at the same potential fruit weight (area below curve) as in TOMGRO. 
generative sink are equally influenced by increased flowering rate (in fact node initia-
tion rate) and therefore no influence of flowering rate on dry matter distribution 
existed in a producing crop (Table 1). In the first growth period a change in flowering 
rate influenced dry matter distribution to a greater extent in TOMGRO than in 
TOMSIM. This is probably the result of maximum fruit growth rate being reached 
earlier during fruit development in TOMGRO than in TOMSIM (Fig. 4). 
Vegetative and fruit sink strength: Sensitivity to vegetative and fruit sink strength 
persisted in later periods. The relative effects of changes in vegetative and generative 
sink strength were bigger in TOMSIM than in TOMGRO, because a smaller percent-
age of dry matter was distributed to the fruits in TOMSIM. 
Shape of potential fruit growth curve: The shape of the potential fruit growth curve 
had a large influence on dry matter distribution in the first period. It was tested by 
comparing the two shapes (Fig. 4) at the same final potential fruit weight (area below 
curve). The TOMGRO-curve had its maximum at an earlier developmental stage than 
the TOMSIM-curve and, therefore, resulted in a higher percentage of dry matter 
distributed to the fruits in a young crop (Table 1), as the vegetative sink remained 
unchanged. However, at the same potential fruit weight, a higher growth rate in an 
earlier developmental stage means a lower growth rate in later stages and so in the 
later periods the shape of the potential fruit growth curve no longer influenced dry 
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Fig. 5. Number of trusses visible on the plant (about two trusses more than the number of the 
flowering truss): measured (0,A,»), and simulated (lines; TOMSIM A,C,E; TOMGRO 
B,D,F); (A,B) Experiment 1 control (o) and treatment (removal of every other truss at anthesis, 
A), (C,D) Experiment 2 and (E,F) Experiment 3. Standard model ( ) and flowering rate 
divided (C,E) or multiplied (B) by 1.35 (genetic factor; ). Vertical bars indicate standard 
error of mean larger than symbol width. 
Abortion function: Compared with the standard situation (no abortion), introducing 
the abortion function in TOMGRO reduces fruit growth strongly in the first period 
(low supply-demand ratio R«; Table 1). In young plants there are only few fruits 
andsome abort, resulting in an important relative effect. The relative importance of the 
abortion function decreases in the later periods as there are many growing fruits 
on the plants and therefore a higher fraction of dry matter is distributed to the fruits. 
Decreasing the intercept of the abortion function with the y-axis without changing the 
slope means that fruit abortion will be zero for most Re values and will take place at a 
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Fig. 6. Stem (I 
-), leaf (A, ) and fruit (•,-
20 40 60 80 
Day ol year 
-) dry weight: measured (•,•,•) and 
simulated (TOMSIM; lines) in Experiment 1 control (A) and with removal of every other truss 
at anthesis (B), Experiment 2 (C) and Experiment 3 (D; weight of storage pool). Vertical 
bars indicate standard error of mean larger than symbol width. 
lower rate for all other Re values. This results in higher fruit growth especially during 
the first period (Table 1). On the contrary, decreasing the slope by half without 
changing the intercept with the y-axis means that fruit abortion starts at a higher Re and 
remains higher for all values of Re from there to zero. Therefore, fruit growth is 
reduced compared with the results with the standard abortion function, especially 
during the first period (Table 1). 
Validation of the models 
TOMSIM: Based on measured number of trusses on the plant (Fig. 5), flowering rate 
was divided by 1.35 in the simulation of Experiment 2 and 3. This factor is most likely 
the result of the use of different cultivars in Wageningen and Montfavet, although this 
assumption can be validated only by growing both cultivars at the same place. Simu-
lated dry matter distribution by TOMSIM is in good agreement with the measurements 
in Experiment 1 and 2 (Fig. 6A,B,C). The fact that both Experiment 1 control and 
treatment are simulated well, despite the large differences in dry matter distribution, is 
particularly promising. It should be noted that fruit sink strength was multiplied by 5 in 
TOMSIM to simulate dry matter distribution in the Montfavet-experiments (Fig. 6C,D) 
(based on Fig. 4; ratio between potential fruit weight in TOMGRO and TOMSIM), 
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Fig. 7. Stem • , ), leaf (A, ) and fruit (•, ) dry weight: measured (".A,») and 
simulated (TOMGRO; lines) in Experiment 1 control (A) and with removal of every other truss 
at anthesis (B), Experiment 2 (C) and Experiment 3 (D). Vertical bars indicate standard error 
of mean larger than symbol width. 
whereas vegetative sink strength remained unchanged. Unfortunately, the number of 
destructive measurements, especially in Experiment 3, is too small to make a solid 
validation possible. In the last 20 days of Experiment 3 not all available dry matter is 
distributed by the model, which results in a large under-estimation of dry weight of 
leaves and stem (Fig. 6D). 
TOMGRO: Based on measured number of trusses on the plant (Fig. 5), node initiation 
rate was multiplied by 1.35 in the simulation of Experiment 1. Both treatments of 
Experiment 1 are poorly simulated by TOMGRO (Fig. 7A,B). Fruit growth is under-
estimated and vegetative growth is over-estimated. Experiment 2 is simulated well 
(Fig. 7C), but in Experiment 3 leaf and stem dry weights are largely under-estimated 
(Fig. 7D). This is not reflected in an equally high over-estimation of fruit dry weight. 
Dry weight loss is the result of higher supply than demand and the absence of an 
assimilate pool in TOMGRO. In both Experiment 2 and 3 the number of fruits set per 
truss was simulated well, based on the number of flowers per truss (model input) and 
the abortion function (not shown). 
Sinkstrength in both models: Average simulated sink strengths in the model validations 
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Table 2. Average greenhouse temperature, simulated average vegetative sink strength, average 
generative sink strength and the ratio between average generative sink strength and average 
total plant sink strength, averaged over the whole cultivation period in the three validation 
experiments. Average CO2 concentration was measured to be 298 umol mol"1 in Experiment 2 
and assumed to be 350 umol mol'1 in the other experiments. 
Average temperature (°C) 
Average vegetative sink (g d"1) 
TOMSIM 
TOMGRO 
Average generative sink (g d') 
TOMSIM 
TOMGRO 




































(Figs. 6 and 7) are presented in Table 2. Despite a higher temperature, TOMGRO 
simulated a lower vegetative sink strength in Experiment 3 than in Experiment 2, 
because of a higher predicted SLA in Experiment 3. Average total plant sink strength 
was 2% (Experiment 1, -50% trusses) to 9% (Experiment 1, control) lower in TOMGRO 
than in TOMSIM. This lower sink strength resulted in loss of dry matter in one simu-
lation with TOMGRO (Fig. 7D). The ratio between average generative and total sink 
strength was almost equal for both models except for Experiment 1 (Table 2). 
TOMGRO's poor performance in Experiment 1 (Fig. 7A,B) is in accordance with both 
a higher vegetative sink strength and a lower generative sink strength compared with 
TOMSIM in the same experiment (Table 2). 
Discussion 
Model comparison may involve differences in parameter values or functions and 
differences in the structure of the model (the concepts behind the model). The former 
can be easily changed, whereas the latter involves the essence of the model. First we 
will focus on the concepts behind both models, then differences in parameters and 
functions will be discussed. 
Differences in structure of the models 
Both models use the approach of regulation of dry matter distribution by sink strengths 
of the plant organs without priorities (Marcelis, 1993c). However, a clear difference 
between TOMGRO and TOMSIM is the nature and number of their compartments. 
TOMGRO simulates the growth of age classes of fruits, internodes and leaves, 
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whereas TOMSIM describes the different trusses and one vegetative compartment in 
terms of physiological age and dry weight. The former has one disadvantage: despite 
its high number of compartments, its validation at the level of individual trusses, as 
shown by Heuvelink and Marcelis (1989) for TOMSIM, or an 'update' of the model 
by measured truss weights are impossible. In both models, there is a problem when 
starting a simulation with a crop in production: in TOMGRO, leaf and fruit numbers 
and weights have to be divided over the age classes, and in TOMSIM the age of each 
truss has to be determined. 
In TOMSIM vegetative sink strength is constant, whereas in TOMGRO it depends 
on the number and developmental stage of leaves and internodes. The fixed vegetative 
sink strength in TOMSIM is a simplification, as it is likely to depend on temperature 
and plant size. However, despite a constant vegetative sink strength, TOMSIM yielded 
good results in the validation experiments. 
It is questionable whether simulation of leaf dry weight should be based on an inde-
pendent simulation of leaf area and SLA, like in TOMGRO. It seems more likely that 
SLA is the result of leaf area expansion and dry matter accumulation in a leaf, rather 
than a driving force for dry matter accumulation (Thornley and Hurd, 1974). The 
approach used in TOMGRO implicitly simulates carbohydrate storage under conditions 
of high light, high CO2 concentration or low temperatures through low SLA values. 
However, low SLA as a result of high assimilate supply-demand ratio (e.g. after severe 
fruit pruning) is not simulated and daily variations in SLA of the whole canopy are 
under-estimated (Gary et al, 1993), since daily changes in SLA only affect the daily 
production of leaf biomass. 
Another structural difference between the models is the absence of a storage pool in 
TOMGRO. This can be seen as an implicitly-modelled feed-back control of sinks on 
the source activity. However, when actually measured dry weight increase is used as an 
input to the models, as in our validation experiments, this can lead to erroneous results 
(Fig. 7D). The storage pool in TOMSIM was empty in three of the four simulations 
presented in Fig. 6. In the simulation of Experiment 3 dry matter accumulated in the 
storage pool during the last 20 days, because of a very low generative sink (only one 
fruit per truss). Storage of assimilates is very likely under such conditions (Shaw et al, 
1986). 
In TOMSIM a feed-back mechanism is missing: Fruit abortion is not simulated, 
unlike TOMGRO, but number of fruits per truss is an input to the model. The abortion 
function in TOMGRO is a preliminary one (based on only one experiment) and future 
research should especially focus on this feed-back mechanism. 
Differences in functions and parameters 
In TOMGRO temperature response of flowering rate shows an optimum at 28°C 
(Fig. 3 A), which is more likely than a continuous increase with the natural logarithm of 
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temperature over the whole temperature range (TOMSIM). The high values for 
flowering rate predicted by TOMSIM at temperatures above 30°C are questionable, as 
they involve extrapolation beyond the temperature range (17 to 27°C) at which 
De Koning (1994) measured flowering rates. Differences between TOMSIM and 
TOMGRO at temperatures above 30°C are not of great importance, as such average 
24 h temperatures are not likely to occur in greenhouses in mild or cool climates. 
Flowering rates can differ between cultivars (Papadopoulos and Ormrod, 1991; De 
Koning, 1994). However, the influence of temperature on flowering rate was equal for 
all cultivars tested by De Koning (1994), as no interactions between temperature and 
cultivar were found. Therefore the differences, other than the general level, between 
TOMSIM and TOMGRO in Fig. 3A are not likely to result from cultivar differences. 
Differences between flowering response to temperature in TOMSIM and TOMGRO 
probably result partly from the 'fact that De Koning (1994) conducted extensive 
experiments for developing the flowering function in TOMSIM, whereas the function 
in TOMGRO is not based on detailed experimental work (Jones et al, 1991). At 20°C 
flowering rate in TOMSIM was about 35% higher than in TOMGRO (Fig. 3A). This is 
most likely to be a cultivar effect and it was taken into account in the validations 
(Fig. 5). 
In TOMGRO the dependence of fruit development rate on temperature is independ-
ent of fruit developmental stage. This is not in accordance with experimental data (De 
Koning, 1994; Heuvelink, unpubl. res.), but it is unlikely to be of great importance in 
dry matter distribution. However, differences may occur if day-to-day fruit harvest is 
to be predicted. 
Unlike other characteristics (e.g. final fruit size), there was no difference in fruit 
growth period functions in the two models (Fig. 3B). This agrees with findings of De 
Koning (1994), who observed no cultivar effects on fruit growth period, even when 
comparing round tomato cultivars with a beefsteak tomato cultivar. 
The difference in shape of the potential fruit growth curves (Fig. 4) is important 
only for dry matter distribution in the early stage of the crop (Table 1). It is probably 
the result of a difference in definition of developmental stage 0 (flowering in 
TOMSIM, fruit set (diameter > 1 cm) in TOMGRO). It is less likely that cultivar 
differences cause the difference in shape, as De Koning (1994) observed the same 
shape of growth curves, both for round and beefsteak tomato cultivars, the only 
difference being the level of the curves. 
Fruit sink strength depends on temperature in TOMGRO (eqn [10]), whereas in 
TOMSIM one relation between fruit developmental stage and fruit sink strength exists, 
which is independent of temperature (eqn [1]). The latter is based on observations of 
Heuvelink and Marcelis (1989). Also De Koning (1994) observed between 17 and 
23°C almost no temperature influence on potential fruit growth rate. Thus, the final 
fruit weight was mainly determined by the duration of fruit growth (De Koning, 1994). 
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The temperature influence on fruit sink strength in TOMGRO, may have influenced the 
model validation (Fig. 7), as average greenhouse temperature was 23.2 and 18.6°C in 
Experiments 1 and 2, respectively. This decrease in temperature by 4.6°C, decreases 
fruit sink strength by 15% in TOMGRO. However, sink strength of the vegetative 
plant parts is reduced by the same percentage in TOMGRO, which results in the same 
behaviour as when no direct temperature influence on either vegetative or generative 
sink strength is modelled (TOMSIM). As total sink strength is reduced by temperature 
decrease, simulated organ dry weights are influenced only when available dry matter 
supersedes total sink strength. 
Taking into account a five times higher fruit potential weight for the beefsteak to-
mato cultivar used in Experiments 2 and 3 resulted in good simulation results by 
TOMSIM. However, TOMGRO simulation agreed well with measurements in Ex-
periment 1, only if fruit potential weight was assumed to be one third instead of one 
fifth of the beefsteak tomato cultivar (not shown). This discrepancy might result from 
an over-estimation of vegetative sink strength in Experiment 1 by TOMGRO. Simu-
lated vegetative sink strength for Experiment 1 was 25% higher for TOMGRO com-
pared to TOMSIM, whereas both models predicted the same average vegetative sink 
strength for Experiment 2 (Table 2). However, it should also be recognised that fruit 
potential weight is not a very exact figure (Bertin, 1993). Fruit potential weight has 
been shown to depend on truss position (De Koning, 1994) and seed number may also 
be important (Verkerk, 1957). Furthermore, if ten fruits are grown under conditions of 
non-limiting assimilate supply, one might take either the average of ten fruits or the 
biggest fruit for fruit potential growth. The former was done by Heuvelink and 
Marcelis (1989) for TOMSIM, whereas the latter procedure was followed by Bertin 
(1993) for TOMGRO. Thus, different experimental procedures might explain a possi-
ble over-estimation of the differences between varieties. 
Some of the CO2 effects in the original TOMGRO-functions (Jones et al., 1991) 
seem very unlikely, e.g. an effect of C02on flowering rate and on fruit sink strength. In 
an experiment with low (340 umol mol'1) and high (520 (imol mol"1) C02 concentra-
tions, Nederhoff et al. (1992) observed no effect of treatment on flowering rate 
(NederhofF, personal communication). Also Bertin and Gary (1993b) did not observe 
such an effect. An effect of CO2 on flowering rate is expected to be through assimilate 
supply, but De Koning (1994) concluded from his experiments and related literature 
that only in very extreme cases flowering rate was affected by sink-source ratio. The 
effect of C02 on flowering rate was removed from the original version of TOMGRO. 
Fruit sink strength is defined here as fruit growth rate under non-limiting assimilate 
supply and therefore it is expected to be independent of CO2 concentration. However, 
effects of CO2 concentration on sink strength in TOMGRO are small (eqn [7]). 
In TOMSIM dry matter distribution stabilizes under the conditions of the sensitivity 
analysis (Table 1) at about 73% distribution towards the fruits, whereas in TOMGRO 
232 
Comparison of two simulation models 
this value is 87%. The former value is in accordance with the estimated overall per-
formance of a commercial high-wire tomato crop (based on fresh weight measure-
ments, roots excluded): 72% of dry weight, produced by an early tomato crop during 
the growing season, was partitioned to the fruits (De Koning, 1993). Similar percent-
ages have been observed in Experiment 1 (control; 75%) and Experiment 2 (72%) 
starting from fruit harvest, whereas the lower values observed in Experiment 1 (-50% 
trusses) and Experiment 3 result from severe fruit pruning in these experiments. 
However, the high value for TOMGRO is probably the result of a fixed number of 
seven fruits per truss and fruit abortion set to zero in the sensitivity analysis. For 
TOMGRO a better fruit number would have been four, as fruit sink strength used was 
that of a beefsteak tomato cultivar (Bertin and Gary, 1993b). 
Conclusions 
Simulated dry matter distribution regulated by the relative sink strengths of the plant 
organs agreed well with measured distributions for the cultivar and conditions for 
which the models were developed (Figs. 6 and 7). To achieve reasonable agreement 
between measurements and simulations for situations other than where the models 
were developed, parameter adjustments had to be made (most likely cultivar differ-
ences in flowering rate, fruit potential weight and perhaps vegetative sink strength). 
The use of relative sink strength is a powerful way of modelling biomass partitioning as 
it is general and explanatory. To arrive at a generally applicable distribution module, 
the presence of an assimilate storage pool is necessary. TOMGRO's poor performance 
in part of the validations resulted from the absence of such a storage pool. 
The absence of a feed-back mechanism (simulation of number of fruits set as a 
function of assimilate supply-demand ratio) makes TOMSIM less general. Future 
research should focus on this feed-back mechanism as it is only poorly understood and 
not yet well quantified. The fruit-setting sub-model used in TOMGRO was calibrated 
with a set of four experimental conditions (Bertin and Gary, 1993b); it should be tested 
under various climatic conditions and for different cultivars. 
Modelling according to the box-car train principle (age classes) makes validation at 
the level of individual trusses impossible. Omission of root growth is a weak point in 
both models. However, roots comprise only a small fraction of total plant dry weight in 
greenhouse crops (Marcelis, 1993c). 
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6.1. Model description and validation 
Heuvelink E. 1996. A dynamic simulation model for tomato crop growth and 
development. Annals of Botany (Submitted). 
Abstract 
A dynamic simulation model for tomato crop growth and development, TOMSIM, is 
validated. Assimilation rates are calculated separately for shaded and sunlit leaf area at 
different cumulative leaf area in the canopy and daily crop gross assimilation rate (Pgc,d) 
is computed by integration of these rates over total crop leaf area and over the day. 
Crop growth results from PgC,d minus maintenance respiration rate (R„,; dependent on 
temperature, relative crop growth rate and crop dry weight), multiplied by the conver-
sion efficiency (carbohydrates to structural dry matter). Dry matter partitioning is 
simulated, based on the sink strengths of the plant organs. The sink strength of an 
organ is quantified by its potential growth rate, i.e. the growth rate at non-limiting 
assimilate supply. Within the plant, individual fruit trusses and vegetative units (three 
leaves and stem internodes between two trusses) are distinguished. Organ appearance 
rate is a function of temperature only. Sink strength of a truss or a vegetative unit is 
described as a function of its developmental stage. Organ development rate is a func-
tion of temperature and of organ developmental stage. Truss sink strength is propor-
tional to the number of fruits per truss, which is an input to the model. Specific leaf 
area (SLA) is described as a function of season only. There is no direct influence of dry 
matter production on dry matter partitioning. 
Previous work showed good agreement between measurements and simulation at 
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the level of the submodels (dry matter production and dry matter partitioning). Here 
emphasis is on the interactions between the two submodels: influence of dry matter 
partitioning on dry matter production through leaf area index (LAI) and biomass 
present (and thus R™). Sensitivity analysis showed that global radiation, CO2 concen-
tration, SLA and the developmental stage of the corresponding truss at which leaves of 
a vegetative unit are removed from the plant had a large influence on crop growth rate, 
whereas temperature, number of fruits per truss, sink strength of a vegetative unit and 
plant density were less important. LAI was very sensitive to SLA and developmental 
stage of the corresponding truss at which leaves of a vegetative unit are removed from 
the plant. Temperature did not influence simulated R,„, as increased respiration rate per 
unit of biomass at higher temperature was compensated by a decrease in biomass. 
The model was validated on four greenhouse experiments with plant density and 
fruit pruning treatments, and on data from two commercially grown crops. In general, 
measured and simulated crop growth rate agreed reasonably well: final crop dry weight 
was overestimated with 0-31%. Sometimes, large discrepancies between measured and 
simulated crop growth rate were observed, especially at low LAI. In the first weeks 
after planting, LAI was often overestimated, because of overestimation of SLA. 
However, growth rate was also overestimated in this case, when observed LAI was 
input to the model. 
Introduction 
Crop growth models are tools that enable us to integrate knowledge about crop 
growth, to test hypotheses about how different parts interact, and to gradually develop 
our understanding (or knowledge) about the system as a whole (Acock and Reynolds, 
1989). Crop simulation is currently in the limelight (Penning de Vries, 1990). Although 
crop models basically do have great potential for practical use in agriculture in general 
and in horticulture in particular, their use in practice is still very limited (Challa, 1990). 
One of the reasons, limiting the use of models in practice, is the poor validation of 
most models, especially at the level of the different submodels combined with a valida-
tion of the model as a whole. 
Before a model can be used, it has to be validated, i.e. model output after running 
the model on historical input data recorded for the real system have to be compared 
with the real system output. According to Baker and Curry (1976) this process should 
be called verification. However, the terms verification and validation are often used as 
synonyms in the literature (Baker and Curry, 1976). Often, models are validated with 
(partly) the same data as used for model development or calibration (e.g. Jones et al, 
1991; Lieth and Pasian, 1991; Benin and Gary, 1993 a), whereas independent data, not 
used in model development, should be used in model validation (Van Keulen, 1975; 
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McCarl, 1984). Often, model validation is limited to a small range of conditions only, 
e.g. Jones et al. (1991), Dayan et al. (1993b) and De Koning (1994). These authors 
developed models for dynamic simulation of dry matter partitioning in tomato. How-
ever, they failed to create sufficient difference in partitioning by the choice of their 
treatments in validation experiments. Furthermore, in model validation sometimes (e.g. 
Kano and Van Bavel, 1988) the possibility of compensating errors in the different 
submodels is not considered. Such validations do not allow for firm conclusions on the 
general validity of the model. 
A mechanistic crop growth model for greenhouse tomato (TOMSIM) has been de-
veloped (Chapters 4.2 and 5.5) and submodels (modules) have been validated: photo-
synthesis (Chapter 3.3), greenhouse transmissivity (Chapter 4.1), dry matter produc-
tion (Chapters 4.2 and 4.3), truss appearance rate, fruit growth period and dry matter 
partitioning (Chapters 5.5 and 5.7). 
In the present study, TOMSIM is validated as a whole. In that case, the only spe-
cific input needed are the starting date, the initial dry weights and the flowering date of 
the first truss, the number of fruits per truss and climatic data. Contrary to the valida-
tion of the submodels separately, interactions among the submodels may now become 
manifest. For example, overestimation of the fraction of dry matter distributed to the 
leaves or overestimation of specific leaf area (SLA), would result in overestimation of 
leaf area index (LAI) and therefore in overestimation of dry matter production the next 
day. 
The importance of the different parameters and climatic factors in the model can be 
assessed with a sensitivity analysis. A sensitivity analysis for the submodels on dry 
matter production and dry matter partitioning separately, was presented previously 
(Chapters 4.3 and 5.7). The aim of this work is to conduct a sensitivity analysis and to 
validate the model TOMSIM as a whole, with emphasis on the interactions between 
dry matter production and dry matter partitioning. To this purpose experiments will be 
evaluated, which are most sensitive to these interactions. To analyse possible discrep-
ancies, simulation results are compared with simulations where LAI, dry matter 
partitioning and dry matter present are input to the model. 
Model description 
Dry matter production 
This submodel has been described in Chapter 4.2 and is based on SUCROS87 (Spitters 
et al, 1989), adopted for greenhouse crops (SUKAM; Gijzen (1992). Growth of the 
crop is potential, i.e. dry matter is accumulated under ample supply of water and 
nutrients in a pest, disease and weed-free environment under the prevailing greenhouse 
climatic conditions. Assimilation rates are calculated separately for shaded and sunlit 
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leaf area at different cumulative leaf area in the canopy and daily crop gross assimila-
tion rate (Pgc,d) is computed by integration of these rates over total crop leaf area and 
over the day. 
Daily dry matter production is calculated according to: 
dW/dt = Cf (Pgcd-RJ [1] 
in which dW/dt is the crop growth rate (g m"2 d"1), Cf is the conversion efficiency from 
assimilates to dry matter, Pgc>d is the crop gross assimilation rate per unit ground area 
(g CH20 m'2 d'1) and R„, is the maintenance respiration rate per unit ground area 
(g CH20 m2 d'1). 
Pgcd depends on light absorption by the canopy, mainly determined by the incoming 
radiation and the crop leaf area. Incoming radiation is calculated from global radiation 
outside according to the model of Bot (1983), which has been validated in Chapter 4.1. 
This model predicts transmissivity for direct radiation based on solar position, roof 
angle, dimensions of the roof construction parts, transmissivity of the glass panes and 
the orientation of the greenhouse. From the photosynthetic characteristics of single 
leaves, which are approximated as being identical for all leaves in the canopy, and the 
Table 1. Parameters used in TOMSIM and their numerical values, if constant (DM = dry 
matter). 




















Leaf photochemical efficiency in absence of oxygen 0.084 mol C 0 2 mol"1 photon 
Leaf photosynthesis rate at light-saturation. 
20°C and 350 umol mol"1 C 0 2 
carbon dioxide compensation concentration 
extinction coefficient for diffuse radiation 
scattering coefficient of individual leaves 
regression coefficient in exponential equation relat-
ing relative growth rate to maintenance respiration 
maintenance respiration for leaves at 25°C 
maintenance respiration for stem at 25°C 
maintenance respiration for roots at 25°C 
maintenance respiration for fruits at 25°C 
Qio-value for temperature effect on 
maintenance respiration 
assimilate requirements for formation of leaf DM 
assimilate requirements for formation of stem DM 
assimilate requirements for formation of root DM 
assimilate requirements for formation of fruit DM 
Qio-value for temperature effect on leaf dark 
respiration 
leaf dark respiration rate at 20°C 
leaf boundary layer resistance to H 2 0 diffusion 
leaf stomatal resistance to H 2 0 diffusion 
mesophyll resistance to C 0 2 transport 



















Umol mol •1 
g CH 20 g ' 
g CH 20 g-' 
g CH 20 g ' 





g CH20 g"1 DM 
g CH20 g ' DM 
g CH20 g"1 DM 
g CH20 g ' DM 




' This value assumes a spherical leaf angle distribution 
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radiation profile, instantaneous rate and daily amount of CO2 assimilation are calculated. 
Ground reflectance was taken into account as described by Gijzen (1992). 
Rm of the crop is calculated from the weights of the plant parts multiplied by their 
specific maintenance coefficients and depends on temperature (Spitters et al, 1989). 
However, it is clear that specific maintenance respiration coefficients are not constant, 
but depend on the metabolic activity of the crop (Penning de Vries, 1975; McCree, 
1982; Amthor, 1989). In Chapter 4.2, it has been shown that predictions of tomato 
crop growth under a wide range of conditions improve, when the influence of meta-
bolic activity on Rm is taken into account. Mean relative crop growth rate was used as 
a measure for metabolic activity, according to Chapter 4.2: 
Rm = Rn;(l-e-f,<RGR) [2] 
in which R„, is the maintenance respiration rate (g CH20 m"2 d"1), Rm the maximum 
maintenance respiration rate (g CH20 m"2 d"1), f is a regression coefficient (d) and 
RGR is the relative growth rate of the crop (d"1) averaged over a preceding period of 
five days. During the first five days of the simulation, RGR was averaged over the 
actual period. A mean RGR was used, as Rm is likely to adapt to average metabolic 
activity, rather than to its instantaneous value (De Wit et al, 1978). 
The submodel runs on an hourly basis. The non-linearity of the responses of crop 
assimilation to C02 and light and the interaction of these effects results in an overesti-
mation of crop growth rate when daily averages instead of hourly climatic data are 
used as input to the submodel (Chapter 4.2). Parameter values (Table 1) are in accor-
dance with Chapter 4.2 and 4.3, except that in Chapter 4.3 Rm was modelled independ-
ently of mean relative crop growth rate (f = 00 in eqn [2]). 
Dry matter partitioning 
This submodel (Chapter 5.5) is based on the work of Heuvelink and Marcelis (1989) 
and De Koning (1994). In the submodel, dry matter partitioning is primarily regulated 
by the sinks and individual fruit trusses and vegetative units (three leaves and stem 
internodes between two trusses) are distinguished. Organ appearance rate depends on 
temperature only. Organ development rate is a function of temperature and of organ 
developmental stage. A vegetative unit starts to grow about three weeks before the 
corresponding truss and its growing period is assumed to be equal to that of the 
corresponding truss. 
All sinks derive their assimilates for growth from one common assimilate pool. 
Daily available biomass is distributed among the total number of sinks per plant, 
according to their relative sink strength, defined as their potential growth rate, relative 
to the total sink strength of all sinks together. Sink strength of a truss is proportional 
to the number of fruits on a truss, the latter being an input to the model. Root sink 
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strength was set at 15% of above-ground vegetative sink strength. Heuvelink (1989) 
observed in tomato plants at anthesis of the first truss, that 13% of total dry matter 
was distributed to the roots (data not presented), which is in agreement with the 
assumption for root sink strength. This assumption is also in agreement with a 4% 
partitioning to the roots in producing tomato plants, as observed by Khan and Sagar 
(1969). Partitioning within the vegetative plant part is at 7:3:1.5 for leaves, stem and 
roots, respectively. 
When the available biomass equals or exceeds the total sink strength, each sink or-
gan will grow at its potential rate. The assimilates not used for growth are stored as 
reserves. The next day these reserves are added to the newly formed assimilates. 
The submodel runs on a daily basis. Shorter time steps are not expected to affect 
partitioning, as temperature is the only climatic factor influencing partitioning and, 
when temperature fluctuations are not too large, underlying processes like truss 
appearance rate and fruit development rate respond almost linearly to temperature (De 
Koning, 1994). 
Model parameters and initial settings (e.g. the developmental stage of vegetative 
units at first anthesis) are the same as in the validation of the dry matter distribution 
submodel (Chapter 5.5). The model starts at anthesis of the first truss. 
Linking dry matter production and dry matter partitioning 
Two important interactions (feedback mechanisms) between dry matter production and 
dry matter partitioning in tomato can be distinguished (Fig. 1): flower and/or fruit 
p 
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Fig. 1. A simplified representation of two important interactions (feedback mechanisms) 
between dry matter production and dry matter partitioning in an 'indeterminate' tomato crop: 
(+) indicates positive influence, (-) indicates negative influence. Solid line represents C flow, 
dashed lines represent information flow. LAI = leaf area index, Pnc = crop net photosynthesis, 
SLA = specific leaf area, W, = total crop dry weight, Wveg = vegetative crop dry weight. 
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abortion at low source-sink ratio (De Koning, 1994; Bertin, 1995), resulting in less 
fruits on the plant and hence decreased sink strength and increased source-sink ratio 
and (2) partitioning to the vegetative parts determining LAI and hence future light 
interception and dry matter production. It should be noticed that in TOMSIM dry 
matter partitioning is fully independent of dry matter production: indirect influence via 
flower and/or fruit abortion is not modelled. 
Linking both submodels results in some changes, compared with the separate vali-
dation of the submodels (Chapters 4.2 and 5.5). Assimilate requirements (Cf) are 
calculated based on simulated dry matter partitioning. Simulated instead of measured 
dry weight is used to calculate Rn,. This dry weight is based on simulated crop growth, 
simulated harvest of fruits and simulated removal of leaves. 
Leaf area is simulated, based on simulated leaf dry weight and SLA (Fig. 1). Leaf 
dry weight results from leaf growth and removal of leaves. Leaves are removed when 
the developmental stage of the corresponding truss is 0.9 (at 20°C truss growth period 
is 60 days and thus leaves are removed 6 days before the corresponding truss is 
harvest-ripe). SLA depends on many factors, e.g. light intensity (Bruggink, 1992), 
temperature (Harssema, 1977), CO2 concentration (Madsen, 1973), concentration of 
the nutrient solution (Van de Sanden and Veen, 1992) and source-sink ratio (Chapter 
3.1). In TOMSIM, SLA (cm2 g"1) is a forcing function (Chapter 2) of the day of the 
year (t; day 1 being 1 January): 
SLA = 266 + 88 SIN (27t(t+68)/365) [3] 
Thus only seasonal effects (mainly radiation; Chapter 2) were taken into account. At 
present, a suitable, more explanatory, well-validated and therefore satisfactory predic-
tion of SLA is not available. 
Selection of experiments for model validation 
The separate validation of dry matter production and dry matter partitioning showed 
good agreement between measurements and simulation (Chapters 4.2 and 5.5). 
Therefore, as pointed out before, validation of the model as a whole (the aggregated 
model) is focused on the interaction between both submodels. Such interactions play a 
role in the simulation of LAI and Rm. Hence, validation was conducted at two plant 
density experiments and two fruit pruning experiments. Plant density influences SLA, 
LAI and dry weight and the latter affects R™ directly. Fruit pruning increases assimilate 
allocation to the vegetative plant parts and decreases SLA (Chapter 3.1) and therefore 
influences LAI, which is not taken into account in eqn [3]. Furthermore, a reduced 
fruit load will increase dry weight per unit of ground area, because of higher weights of 
the vegetative plant parts (Chapter 3.1). Validations were made for different seasons to 
make them more general. 
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In addition, two data-sets from commercially grown crops (Rijsdijk et al, 1993) 
were used for model validation. These cover the whole growing season, resulting in 
tall, old plants, whereas the experiments lasted only for about 100 days after planting. 
Besides, in commercially grown crops, high biomass is present at the end of the season 
under low light, making Rn, relatively important. 
Materials and methods 
Sensitivity analysis 
In a sensitivity analysis, dry matter production and dry matter partitioning were 
simulated for a year-round tomato crop, using the global radiation data of selected 
months from the 1971-1980 weather records of De Bilt, The Netherlands (Breuer and 
Van de Braak, 1989). This so-called 'selected year' results in the same average irradi-
ance as observed for the 30-year average (1951-1980) global radiation data at De Bilt, 
however, it contains a representative variation in radiation. Simulation started at 
anthesis of the first truss, which was set at day 1(1 January). The simulation period 
ended at day 250 (7 September), a reasonable estimate for the date when plants are 
stopped in practice. The temperature was set to 20°C and the CO2 concentration was 
350 umol mol'. 
Initial dry weights were set to 20, 9, 9 and 0 g m"2 for leaves, stem, roots and fruits, 
respectively. Plant density was set to 2.5 m'2 and no side shoots were retained. Green-
house transmissivity for diffuse radiation was set to 0.70, number of fruits per truss 
was set to eight and the ground reflection for light was 0.5 (whole-season estimate for 
soil covered with white plastic sheet). 
The effects of a change in model input or parameters were investigated by calculat-
ing the relative partial sensitivity of model output: 
ÔO/O 
[4] 
ÔI/I L J 
where 50/0 is the relative change in model output, and 5I/I is the relative change in 
the value of a parameter or input data. Sensitivity was calculated as the average 
sensitivity to a change in parameter or input data by -10%, -5%, 5% and 10%. 
Sensitivity to temperature was calculated as the average sensitivity to a change in 
temperature by -2, - 1 , 1 and 2°C. Model output was: (1) crop growth rate, (2) LAI, 
(3) weight of above-ground biomass present, (4) R,„ and (5) fraction of dry matter 
partitioned into the fruits. 
As it was expected that the response of a young crop may differ from that of a pro-
ducing crop, output was averaged over two periods, viz. the time from first flowering 
(day 1) until 60 days (fruit growth period at 20°C) later, representing the transition 
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Table 2. Set up of model validation experiments conducted in greenhouses. 
Experiment Year Planting Treatments Average 24 h Average global 
date temperature radiation outside 













three plant densities: 20.4 
3.1, 2.1 and 1.6 plants m"2 
fruit pruning in combination 21.2 
with plant density: 
3 fruits/truss and 4.8 plants m"2 
5 fruits/truss and 2.9 plants m"2 
7 fruits/truss and 2.1 plants m2 
fruit pruning: 3 or 7 fruits/truss 20.0 
no truss pruning (control) or 23.2 







'Chapter 4.2; bChapter 3.1. 
from a young non-producing crop to a producing crop, and a subsequent period of 190 
days covering the time till topping. 
Model validation 
The model was validated on four greenhouse experiments, which were all reported 
previously (Table 2) and on data from commercially grown crops (Rijsdijk et al., 
1993), described and used in Chapter 4.2. In the experiments Lycopersicon esculentum 
cv. Counter was used, in the commercial nurseries this was cv. Pronto. Leaves were 
picked only two to four times during an experiment and not weekly, like in commercial 
practice and as simulated by the model at a temperature of about 20°C. Therefore, in 
the validation on the experiments, the dates at which leaves of a vegetative unit were 
removed from the plants were an input to the model. 
From the end of March onwards, a side shoot was retained on each fourth plant in 
the commercially grown crops, increasing shoot density by 25%. Therefore, in the 
simulations, from day 100 (first anthesis of side shoot) onwards, for all newly formed 
trusses and for all vegetative units at higher or equal level as the one below the first 
truss on the side shoot, sink strengths were multiplied by a plant density 25% higher 
than the original plant density, to calculate sink strengths per unit ground area. Number 
of fruits per truss was set to nine in the commercially grown crops, based on the 
measurements of De Koning (1994; Fig. 6.3.9b) for Nursery II. 
The ground reflection coefficient for light was assumed to be 0.15 for the experi-
ments (bare dark soil; Rosenberg et al, 1983) and 0.5 for the commercially grown 
crops as, in the latter, the soil was covered with white plastic sheet. 
To enable conclusions on the nature of possible discrepancies between measured 
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and simulated crop growth, the model was also run with LAI, dry matter partitioning 
and biomass present being inputs. Cubic spline functions, fitted to observed values for 
LAI and dry weight of leaves, stem and fruits were used. A complete description of 
this procedure, used for testing the dry matter production submodel separately, has 
been given in Chapter 4.2. 
Results 
Sensitivity analysis 
Sensitivity analysis showed that global radiation, CO2 concentration, SLA and the 
developmental stage of the corresponding truss at which leaves of a vegetative unit are 
removed from the plant had a large influence on crop growth rate, whereas tempera-
ture, the number of fruits per truss, the vegetative sink strength and plant density were 
less important (Table 3). Sensitivity of crop growth rate to the changes in parameters 
or factors tested, was not much different for a young crop compared with a producing 
crop, except for sensitivity to plant density, to the number of fruits per truss and to the 
sink strength of a vegetative unit relative to one fruit. 
In the young crop, growth rate decreased a little at higher temperature, because 
more assimilates were partitioned into the fruits, resulting in a decreased LAI 
(Table 3). Growth rate was proportional to LAI: a 7% decrease in LAI as a result of a 
1°C increase in temperature, resulted in a 7% decrease in crop growth rate. Increased 
dry matter partitioning to the fruits at increased temperature, resulted from increased 
earliness (increased truss appearance rate and fruit development rate). 
In a producing crop, temperature did not influence dry matter partitioning. How-
ever, LAI was influenced negatively by increased temperature, as final leaf size de-
creased. For the producing crop, growth rate was not proportional to LAI: a 10% 
decrease in LAI resulting from a 1°C temperature increase, gave rise to a reduction in 
crop growth rate of 5%. A change in temperature did not influence R„,. At decreased 
temperature a higher biomass compensated for lower respiration rate per unit of 
biomass, whereas at increased temperature biomass was reduced, which in turn com-
pensated for the increase in respiration rate per unit of biomass (Table 3). 
Global radiation and CO2 concentration influenced crop growth rate positively 
(Table 3), which was mainly the result of a change in leaf photosynthesis rate. Fur-
thermore, LAI increased with global radiation and C02 concentration, which influ-
enced crop growth rate positively. A higher global radiation or CO2 concentration 
increased R«,, because of a higher biomass. 
A higher SLA resulted in a higher crop growth rate, explained by a strong positive 
influence of SLA on LAI and partly counteracted by a higher biomass and therefore a 
higher R„, (Table 3). Both in the young and the producing crop, an increase in SLA 
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Table 3. Output" of the model at reference conditions and partial sensitivity (60/0/5I/I, 
eqn [4]) of model output to a change in temperature, global radiation, C02 concentration, SLA, 
the number of fruits per truss, the sink strength of a vegetative unit relative to the sink strength 
of one fruit, the developmental stage of the corresponding truss at which leaves of a vegetative 
unit are removed from the plant and plant density. Average values over two time periods are 
presented: (A) day 1 till day 60 (representing the period of anthesis of the first truss until first 
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" Model output investigated was crop growth rate, LAI, above-ground crop dry weight present, 
maintenance respiration rate (Rm) and the fraction of above-ground dry matter distributed to 
the fruits (fruit/plant ratio). 
y
 Partial sensitivity of temperature was expressed per change of 1°C instead of per relative 
change. 
resulted in a more than proportional increase in LAI. 
An increase in number of fruits per truss decreased crop growth rate, as LAI was 
influenced negatively (Table 3). Exactly the opposite sensitivity was observed for an 
increase in sink strength of a vegetative unit relative to sink strength of a fruit. Influ-
ences on LAI resulted from effects on dry matter partitioning into the vegetative parts. 
Growth rate of a producing crop was three times more sensitive to a change in the 
number of fruits per truss or the sink strength of a vegetative unit, than growth rate of 
a young crop. This was caused by a five times lower sensitivity of LAI to the 
number of fruits per truss or the vegetative sink strength in a young crop, as in a young 




Day of year 
-) or LAI, dry matter Fig. 2. Measured (•.LJ,«,0,A,A) and simulated [aggregated model (-
partitioning and biomass present being input to the model ( )] dry matter production at (A) 
low, (B) medium and (C) high plant density. Experiment 1 (Ü,0,A) and Experiment 2 ( • , • » . 
Plant density was 1.6 m"2 (D), 2.1 m2 («,0), 2.9 rn2 (A), 3.1 m"^ (A) or 4.8 m2 (•). Vertical 
bars indicate standard error of mean larger than symbols. 
the number of fruits per truss or the vegetative sink strength relative to the generative 
sink strength do not play a role at all. A change in the number of fruits per truss 
or the sink strength of a vegetative unit influenced biomass present (leaf and stem 
weight), and therefore R„. However, these effects were quite small in a young crop. 
The developmental stage of the corresponding truss at which leaves of a vegetative 
unit are removed from the plant, influenced LAI strongly (a more than proportional 
effect in the producing crop) and therefore crop growth rate was clearly influenced 
(Table 3). Early leaf removal decreased LAI as well as biomass and therefore R„,. 
Plant density influenced crop growth rate positively, only for a young crop, because 
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of its positive influence on LAI (Table 3). For a producing crop, none of the crop 
characteristics investigated were influenced by plant density. 
Model validation 
For Experiments 1 and 2, simulated crop growth overestimated measured growth 
(Fig. 2). Final dry weights were overestimated with 0-31%. In both experiments, at the 
highest plant density, the aggregated model provided identical growth curves as when 
LAI, dry matter partitioning and biomass were input to the model (Fig. 2C). At the 
lowest plant densities, final dry matter production was higher for the aggregated model 
compared with the simulations with LAI, dry matter partitioning and biomass present 
being input to the model. This discrepancy originated mainly from a higher simulated 
growth rate in the first month after planting (Fig. 2A). 
Crop growth rate was also overestimated in the first weeks after planting when 
LAI, dry matter partitioning and biomass present were input to the model (Fig. 2). 
Over the first three weeks after planting, crop growth rate was overestimated by 55, 62 
and 52% in Experiment 1 at low, medium and high plant density. In Experiment 2 
these values were 44, 35 and 25%. 
For Experiment 1, simulated LAI was in reasonable agreement with the measure-
ments, except for the first month after planting, where LAI was largely overestimated 
(Fig. 3A). For the lowest plant density, LAI was overestimated over the whole experi-
mental period (Fig. 3A). For all three treatments, simulated SLA showed reasonable 
agreement with the measurements (Fig. 4A). However, for the lowest plant 
density, SLA was overestimated systematically. For Experiment 2, LAI was overesti-
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Fig. 5. Measured (•,0,«,O) and simulated [aggregated model ( ) or LAI, dry matter 
partitioning and biomass present being input to the model ( )] dry matter production in 
Experiment 3 (",0) and Experiment 4 (•,()) for (A) control treatment [•,•;? fruits per truss, 
no truss removal] and (B) fruit pruning treatment [3 fruits per truss (D) or every other truss 
removed at anthesis (o)]. Vertical bars indicate standard error of mean larger than symbols. 
LAI in the first month after planting (Fig. 3B), and was at least partly caused by 
overestimation of SLA (Fig. 4B). 
Final fruit yield was overestimated by 29-42%, except for the highest plant density 
in Experiment 2, where simulated and measured fruit yield were equal (not shown). 
Overestimation of fruit yield resulted from overestimation of crop growth (Fig. 2), 
whereas dry matter partitioning was simulated well (Chapter 5.5). 
For both treatments in Experiment 3, crop growth rate was overestimated, but when 
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Fig. 6. Measured (•,D,«,0) and simulated ( , ) LAI in (A) Experiment 3 [3 (D, ) 
or 7 (• , ) fruits per truss], and (B) Experiment 4 [control (•, ) or every other truss 
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Fig. 7. Measured (•,D,«,0) and simulated ( ) SLA in (A) Experiment 3 [3 (D) or 7 (•) 
fruits per truss] and (B) Experiment 4 [control treatment (•) or every other truss removed at 
anthesis (O)]. Vertical bars indicate standard error of mean larger than symbols. 
LAI, dry matter partitioning and biomass present were input to the model, crop growth 
rate was predicted reasonably well (Fig. 5). Overestimation of final dry weights 
(17-22%) mainly resulted from overestimation of crop growth rate in the first month 
after planting. This overestimation was caused by an overestimation of LAI (Fig. 6 A), 
which could be explained by a strong overestimation of SLA over the whole experi-
mental period (Fig. 7A). At day 94, simulated LAI was more than twice the measured 
value, for both treatments (Fig. 6A). For the fruit pruning treatment, LAI at the end of 
the experiment was simulated to be 6.8, whereas measured LAI was only 3.9. Besides 
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Fig. 8. Measured (•) and simulated [aggregated model (- -) or LAI, dry matter partition-
ing and biomass present being input to the model ( )] dry matter production for commer-
cially grown crops at Nursery I (A) and Nursery II (B). 
Fig. 9. Measured (•, ) and simulated (-
Nursery I (A) and Nursery II (B). 
100 200 300 
Day of year 
) LAI for commercially grown crops at 
by overestimation of SLA (Fig. 7A), this was also caused by slight overestimation of 
the fraction of dry matter partitioned into the vegetative plant parts (Chapter 5.5). 
In Experiment 4, simulated and measured crop growth showed good agreement 
(Fig. 5). For both treatments, simulated growth was lower than when LAI, dry matter 
partitioning and biomass present were input to the model (Fig. 5). This could be 
explained by underestimation of LAI in the period from day 190 until day 210 
(Fig. 6B), which resulted mainly from an underestimation of SLA in the first month 
after planting (Fig. 7B). 
For the commercially grown crops, simulated crop growth (Fig. 8) and dry matter 
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partitioning (not shown) were in reasonable agreement with the measurements, except 
for partitioning in the period 50-100 days after first anthesis, where the average 
simulated fraction partitioned into the fruits was 0.74, whereas measured fraction was 
0.64. For Nursery I, simulated growth was somewhat higher than when LAI, dry 
matter partitioning and biomass present were input to the model (Fig. 8A). This was 
caused by overestimation of LAI between day 125 and day 250 (Fig. 9A). For 
Nursery II both simulated crop growth curves were almost identical (Fig. 8B) and 
simulated LAI showed good agreement with measured LAI (Fig. 9B). This agreement, 
however, was the result of compensating errors in the model, as SLA was strongly 
overestimated for both commercially grown crops (Fig. 10). When measured SLA was 
an input to the model, total crop growth rate was largely underestimated for both 
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Discussion 
For all experiments, agreement between measured and simulated crop growth was 
(slightly) less when the aggregated model was used compared with using LAI, dry 
matter partitioning and biomass as input to the model (Figs. 2 and 5). With the aggre-
gated model, there is a greater risk for propagation of errors. Measured and simulated 
crop growth rates differed mainly at low LAI (Figs. 2 and 5). At low LAI, light 
interception and thus crop growth is very sensitive to LAI (Chapter 4.3). At high LAI 
(above 3) this sensitivity is much reduced (Goudriaan and Van Laar, 1994) and an 
overestimation of LAI in that case influences crop growth hardly. This is shown for the 
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highest plant density in Experiment 2: although LAI was largely overestimated 
(Fig. 3B), simulated crop growth agreed very well with the measurements (Fig. 2C). 
The strong overestimation of crop growth rate in the first weeks after planting 
(Fig. 2), with LAI, dry matter partitioning and biomass being input to the model, are 
the main reason for the discrepancy between crop growth curves provided by the 
aggregated model and the simulated growth with LAI, dry matter partitioning and 
biomass being input to the model (Fig. 2). This overestimation of crop growth rate is 
amplified by the aggregated model, as an overestimation of crop growth rate has a 
positive feedback on crop growth rate afterwards, through an overestimation of LAI 
(Fig. 1). This positive feedback is one of the major problems of dynamic crop growth 
simulation. 
Possible reasons for overestimation of crop growth rate in the first weeks after 
planting when LAI, dry matter partitioning and biomass present were input to the 
model, may be clustering of leaves (row crop of small plants not yet touching each 
other) and a possibly lower light intensity at the top of the young plants than simulated 
at the top of a producing crop in an infinite greenhouse. The model assumes a ho-
mogenous distribution of leaf area over the greenhouse surface, which will overesti-
mate crop growth rate if this is not the case. The result of effects of the glass walls of 
the 12 m x 12.8 m greenhouse compartments where experiments were conducted will 
cause a vertical light gradient and hence overestimation of radiation above the crop at 
low crop height. This reasoning is quite likely, as also in Experiments 3 and 4 (Fig. 5) 
and in all 12 validation experiments in Chapter 4.2 an overestimation of crop growth 
rate in the first weeks after planting was observed (Fig. 1 in Chapter 4.2), in simula-
tions where LAI, dry matter partitioning and biomass were input to the model. For a 
producing crop, simulated growth rate was usually in good agreement with the meas-
urements (Figs. 2 and 5). 
The strong underestimation of crop growth for the commercially grown crops, with 
measured SLA as input, resulted most likely from more leaf pruning in the model than 
in reality. Although precise moments of leaf picking were not known, it could be 
concluded from the destructive measurements per vegetative unit, that indeed in 
summer number of leaves retained on the plants was higher than predicted by the 
model. Sensitivity analysis made it clear that a small shift in leaf picking can influence 
crop growth largely (Table 3). This is especially true as in the commercially grown 
crops LAI was below 2.5 mostly (Fig. 9). In that case, variations in LAI still have 
relatively large effects on crop photosynthesis and thus crop growth (Chapter 4.3). 
The validation experiments and the sensitivity analysis demonstrate the importance 
of accurate prediction of SLA. It is noticed, that control treatments from Experiments 
1, 3 and 4 were used to determine eqn [3] and hence validation of SLA was partly on 
the same data as used for model development. For the commercially grown crops, as 
well as for Experiment 3, SLA was largely overestimated. The thicker leaves in the 
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commercially grown crops may have been caused by the exposure to high CO2 concen-
tration (Madsen, 1973). Eqn [3] is based on experiments without C02 enrichment, 
resulting in CO2 concentrations between 300 and 400 umol mol' (Chapter 2), between 
10:00 and 16:00 h, averaged over the whole growing period. For Nursery I and II 
CO2 concentration was much higher, 510 and 549 (imol mol"1, respectively, between 
10:00 and 16:00 h, averaged over the whole growing period. Overestimation of SLA 
in Experiment 3 remains unexplained: Experiment 1 (2.1 plants m'2) was conducted in 
the same period of the year, at almost equal average radiation, temperature (Table 2) 
and CO2 concentration (not shown). 
The comparison with commercially grown crops clearly shows the necessity of 
model validation at submodel level. On the basis of total dry matter production (Fig. 8) 
one would have concluded that the model is correct. However, the analysis showed 
that the correct simulation resulted from overestimation of SLA (Fig. 10) which was 
compensated by another error, most likely too early leaf picking. It also shows the 
necessity of elaborate data-sets for validation. 
It should be noticed that the results of the sensitivity analysis (Table 3) depend on 
the definition of the 'reference crop'. For example, if the reference crop contained only 
four fruits per truss instead of eight, sensitivity of crop growth rate of the producing 
crop to the number of fruits per truss was much reduced (-0.05 instead of -0.3), 
whereas sensitivity of fruit/plant ratio was increased (0.4 instead of 0.3). At a lower 
number of fruits per truss, less assimilates are partitioned into the fruits and LAI and 
existing biomass are higher. The reduced sensitivity of crop growth rate to a change in 
the number of fruits per truss resulted from a reduced relative effect on LAI, as 
average LAI was 70% higher in the reference situation with 4 fruits per truss and a 
reduced relative influence on R„, as average biomass present was 24% higher in the 
new reference situation. A high LAI, resulting from reduced leaf picking, is also the 
reason that in Chapter 3.1 no influence offrait pruning (range: 2-7 fruits per truss) on 
total crop dry matter production was observed, whereas sensitivity analysis (Table 3) 
showed decreased crop growth at higher fruit number. 
Temperature did not influence R™, because at decreased temperature there was 
more biomass present, which compensated for lower respiration rate per unit of 
biomass and vice versa. This is in agreement with a theoretical analysis of De Koning 
(1994), based on the assumption that dry matter partitioning and biomass production 
do not change with temperature. Prolonged low greenhouse temperature to reduce R™, 
makes no sense, as biomass present will increase due to low organ development rate. 
In the long term, high dry matter production, low temperature and low crop biomass 
are conflicting aims. 
In the present sensitivity analysis a temperature increase by 1°C did not influence 
Rm, whereas De Koning (1994) calculated a decrease by as much as 15%, mainly as a 
result of a decreased crop growth rate by 12%. This difference is explained by the 
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strong direct influence of temperature on dry matter partitioning observed and mod-
elled by De Koning (1994). In his model, temperature increase reduces partitioning to 
the vegetative parts and thus LAI and crop growth rate. In TOMSIM, no direct 
influence of temperature on partitioning is assumed, based on Chapter 5.3 and sup-
ported by the simulation of a climate room experiment (Chapter 5.5). Van den 
Boogaart and Schellekens (1990) observed a decrease in total growth rate of only 1% 
per degree Centigrade, when a tomato crop was grown at 23°C compared with 17°C 
for eight weeks starting at anthesis of the first truss. For the first 60 days after anthesis 
of the first truss, sensitivity analysis showed a decrease in crop growth rate with 7% 
per degree Centigrade (Table 3), which is in agreement with simulation results of De 
Koning (1994). Discrepancy between measurements of Van den Boogaart and 
Schellekens (1990) and simulation results (Table 3 and De Koning, 1994) is mainly 
caused by increased flower and/or fruit abortion at higher temperature (Van den 
Boogaart and Schellekens, 1990), resulting in increased partitioning to the vegetative 
plant parts, which was ignored in the simulations. Therefore, temperature rise with 
1°C, decreased LAI in the measurements with only 2%, whereas simulation predicted a 
decrease with 7% (Table 3 and De Koning, 1994). 
In this work emphasis is on the interaction between dry matter production and dry 
matter partitioning in tomato. It is a major limitation of the model that flower and/or 
fruit abortion is not simulated, as reduced fruit set at low assimilate supply (Rodriguez 
and Lambeth, 1975; Papadopoulos and Ormrod, 1991; Bertin, 1995) is an important 
feedback mechanism in the tomato plant (Fig. 1; De Koning, 1994). 
The modular (explanatory) structure and the thorough sensitivity analysis and vali-
dation, also at submodel level, makes TOMSIM a valuable tool for many purposes. It 
enables the study and analysis of the tomato crop as a whole, which is a very complex 
system. Crop growth models, like TOMSIM, may contribute significantly to computer-
ised management support in greenhouse cultivation (Berg and Lentz, 1989; Leutscher, 
1995). 
The use of crop growth models for optimisation in greenhouse climate control is 
currently in the limelight (Challa, 1990; Jones etal, 1991; Seginer, 1993; Van Henten, 
1994). TOMSIM may also be used in greenhouse climate control. The present work 
has shown, that it may be necessary to measure (or estimate) LAI, e.g. every week or 
every two weeks and supply this value to the model as an input, if TOMSIM is to be 
used for greenhouse climate control. This will be especially important at low LAI 
[young crop, crop in summer showing 'short leaf syndrome' (Nederhoff et al, 1992)]. 
Correct simulation of LAI is hindered in two ways: prediction of SLA is very difficult 
(Figs. 4 and 7), as it is influenced by many factors (see Model description) and small 
discrepancies in the prediction of crop growth are amplified (positive feedback, Fig. 1), 
which has been discussed before. 
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Abstract 
This study illustrates the potential of the mechanistic tomato crop growth model 
TOMSIM in the evaluation of crop management. The influence of fruit load on total 
dry matter production, fruit yield and mean fruit weight is investigated. Crop growth 
and yield is simulated over a period of 250 days from anthesis of the first truss. A 
higher fruit load (number of fruits per truss) decreased dry matter production, because 
extra fruit growth was at the expense of vegetative growth, reducing leaf area index 
(LAI) and hence light interception. Fruit yield showed an optimum response to the 
number of fruits per truss and mean fruit weight decreased with the number of fruits 
per truss. Effects were more pronounced at lower average LAI, e.g. as a result of 
thicker leaves (lower specific leaf area) or leaf picking at an earlier developmental 
stage of the corresponding truss. 
Introduction 
For many crops, e.g. fruit vegetables, a certain balance between vegetative (future 
production potential) and generative growth (short-term productivity) should be 
maintained, as sufficient but not too much new leaf area has to grow for future light 
interception and dry matter production. Fruit pruning will change partitioning in favour 
of the vegetative parts (Chapter 5.1) and this will increase crop growth as long as leaf 
area index (LAI) is limiting light interception (Chapter 6.1, Fig. 1). Hence, fruit yield 
may show an optimum response to fruit load, as a higher fruit load increases partition-
ing to the fruit, possibly at the expense of total crop growth. Lenz (1970) showed, for 
example, that growth of four fruits on an aubergine plant reduced final plant dry 
weight by 56% compared with plants with no fruits while highest fruit yield was 
observed with two fruits on the plant. On the other hand, Marcelis (1991) did not find 
any influence of fruit load on total plant dry matter production in cucumber, which 
agreed with observations for tomato in Chapter 3.1. However, removal of all fruits 
significantly reduced final plant dry weight, because of a reduction in leaf photosyn-
thesis rate (Marcelis, 1991). 
It is the aim of the present work to study the effect of fruit load on total dry matter 
production, fruit yield and mean fruit weight, using the mechanistic model TOMSIM 
(Chapter 6.1). As the effect of fruit load on total dry matter production is likely to 
depend on LAI (Chapter 6.1, Fig. 1), the influence of specific leaf area (SLA) and 
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timing of leaf removal on this relationship is evaluated. The work illustrates the 
potential of TOMSIM in the evaluation of crop management. 
Materials and methods 
The model TOMSIM (Chapter 6.1), an explanatory crop growth and development 
model for indeterminately growing tomato crops, was used. In this model, assimilation 
rates are calculated separately for shaded and sunlit leaf area at different cumulative 
leaf area in the canopy and daily crop gross assimilation rate is computed by integra-
tion of these rates over total crop leaf area and over the day. Crop growth results from 
daily crop gross photosynthesis rate minus maintenance respiration rate, multiplied by 
the conversion efficiency from carbohydrates to structural dry matter. In the model, 
fruit trusses and vegetative units (three leaves and stem internodes in between two 
trusses) are distinguished. Dry matter partitioning is simulated, based on sink strengths, 
quantified as potential growth rates, i.e. growth rates under non-limiting assimilate 
supply. Truss sink strength is proportional to the number of fruits per truss, which is an 
input to the model. 
SLA is a forcing function in the model and depends on the day of the year (t), 
according to the relationship observed in Chapter 2: 
SLA = 266 + 88 SIN (27t(t+68)/365) [1] 
The influence of a reduction in SLA with 20% on the relation between number of fruits 
per truss and total crop growth was studied. In the model, leaves from a vegetative 
unit are removed when the developmental stage of the corresponding truss is 0.9. It 
was investigated to what extent leaf removal at developmental stage 0.65 or 1.0 of the 
corresponding truss influenced the relation between number of fruits per truss and total 
crop growth. 
Total crop growth and fruit yield were simulated for a period of 250 days, starting 
with anthesis of the first truss at day 1 (1 January). Initial settings and model parame-
ters are as described in Chapter 6.1 for the sensitivity analysis. Global radiation data 
were taken from 'selected year' (Breuer and Van de Braak, 1989; Chapter 6.1), 
temperature was at 20°C and CO2 concentration was at 350 umol mol"1. 
Results 
When SLA follows eqn [1] and leaves are not removed in an early stage, variations in 
partitioning to the fruits with fruit number (six to ten fruits per truss) are exactly 
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Figure 1. Simulated effect of number of fruits per truss on (A) total crop dry weight 
( • ,« , • , • ) and fruit dry weight (D,0,A,V) at day 250 (7 September), (B) average LAI and (C) 
mean dry weight of harvest ripe fruits (day 1 till day 250). In the model, SLA was a forcing 
function of the day of the year (eqn [1]; •)0,A,A,T,V) or SLA was 80% of the values predicted 
by this forcing function (•,D). Leaves from a vegetative unit were removed when the develop-
mental stage of the corresponding truss was 0.9 (•,0,B,D), 1.0 (T,V) or 0.65 (A,A). Simula-
tion started at anthesis of the first truss which was set at day 1 (1 January). Initial settings and 
model parameters are as described in Chapter 6.1 for the sensitivity analysis. Global radiation 
data were from 'selected year' (Breuer and Van de Braak, 1989), temperature was at 20°C and 
CO2 concentration was at 350 i^mol mol"1. 
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compensated by opposite variations in crop growth (different LAI; Fig. IB), result-
ing in equal fruit yields (Fig. 1A). Increasing fruit number from 8 to 12 fruits per 
truss reduced fruit yield by 10%. However, when values of SLA according to eqn [1] 
were reduced by 20%, results were quite different. Simulated LAI was lower (Fig. IB) 
and over the whole range of fruit load crop growth rate showed a stronger decrease 
with increasing fruit number (Fig. 1A). In this situation, maximum fruit yield was 
obtained at about six fruits per truss. Maximum fruit yield was also obtained at a 
relatively small number of fruits per truss, when leaves were picked at an earlier stage 
(developmental stage of corresponding truss 0.65 instead of 0.9; at 20°C this corre-
sponds to three weeks instead of one week before harvest of the corresponding truss; 
Fig. 1A). The effect of the stage of leaf picking was stronger than that of SLA varia-
tions, because LAI was affected more by leaf picking (Fig. IB). Retaining leaves about 
one week longer on the plant, i.e. leaf removal at developmental stage 1 of the corre-
sponding truss, did increase total dry matter production and fruit yield, but effects 
were only small (Fig. 1A), as average LAI was already high at most levels of fruit 
pruning (Fig. IB). 
Higher fruit numbers per truss reduced mean fruit weight strongly (Fig. 1C). At low 
fruit load, SLA or timing of leaf removal did hardly influence mean fruit weight, as 
total fruit dry weight was not affected. However, at high fruit load, large effects of 
SLA and timing of leaf removal on mean fruit weight were observed (Fig. 1C). For 
example, at ten fruits per truss, a 20% decrease in SLA decreased mean fruit weight 
with 24%. 
Assimilate availability sometimes exceeded demand in the present simulations (not 
shown), especially at low number of fruits per truss, but in all simulations assimilate 
pool was empty at day 250 (end of simulation). 
Discussion 
Simulation results agree with Chapter 3.1, where fruit pruning (range: 2-7 fruits per 
truss) did not influence total crop dry matter production, because of sufficiently high 
LAI. For the same reason, i.e. a high LAI, Marcelis (1991) observed no significant 
effects of fruit removal on total plant dry matter production in cucumber. Lenz (1970) 
observed a strong effect of fruit load on total dry matter production in aubergine 
plants, probably because he used young plants growing at low LAI. 
The importance of SLA for 'optimal' fruit load is clearly shown (Fig. 1). A crop 
with a higher SLA could attain the same LAI with less dry matter partitioned into the 
leaves and therefore the number of fruits per truss for maximum fruit yield is higher. It 
may be concluded from Fig. 1 that severe leaf pruning (removal of leaves three weeks 
before harvest of the corresponding truss) results in a lower optimum fruit number and 
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compensated by opposite variations in crop a lower fruit yield. This is in agreement 
with observations of Buitelaar (1988), who reported that leaf removal until 3, 6, 9 or 
12 leaves above the harvest truss reduced yield in tomato, as compared with a control 
treatment (no leaf pruning). Besides, severe leaf pruning reduced shelf life, while also 
soluble solids content was low (Janse, 1988). 
Simulation results are in agreement with practical observations and can be under-
stood on the basis of the underlying processes. More important, the model enables to 
quantify the relations between fruit load, total dry matter production and fruit yield 
under different conditions. Experimental establishment of the simulation results in 
Fig. 1 would be very expensive and time consuming. Furthermore, it would be difficult 
to extrapolate such results. For example in the case of a beefsteak tomato cultivar with 
a three times higher potential fruit growth rate, such an extrapolation is easily realised 
by the model. 
Fruit pruning proved to influence mean fruit weight strongly (Fig. 1C). Reduction in 
mean fruit weight at higher fruit load was the result of competition among fruits and 
reduction in total available assimilates for fruit growth, at supra-optimum fruit number 
per truss (Fig. 1A). The latter effect is stronger at lower LAI (Fig. 1A), whereas the 
former effect is independent of assimilate availability for fruit growth, as long as total 
availability is lower than total sink demand. 
It should be noted, that the model can evaluate conditions that cannot be attained 
experimentally, which may be important in theoretical evaluations. Obviously, at 12 
fruits for each truss, source-sink ratio is low: an average value of 0.20 was calculated 
for the present simulation, with SLA according to eqn [1] and leaves picked at devel-
opmental stage 0.9 of the corresponding truss. A tomato plant will react to such a low 
source-sink ratio by flower and/or fruit abortion (Bertin, 1995), thus bringing sink and 
source more in balance with each other. The important feedback mechanism of source-
sink ratio influencing abortion, is ignored in the model TOMSIM, as no reliable 
description of flower and/or fruit abortion is available at present (De Koning, 1994). 
Decreased SLA as a result of high source-sink ratio (Starck, 1983; Chapter 3.1) is 
not explicitly simulated in the model. It should be noted, that therefore increased 
number of fruits per truss may have a less strong effect on LAI than predicted (Fig. 1), 
because of a concurrent increase in SLA. 
Ignoring the feedback mechanisms in crop growth through flower/fruit abortion and 
SLA, as in TOMSIM, may lead to erroneous predictions when extrapolating too far 
away from commercial practice. 
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General discussion 
The present model, TOMSIM, is an improvement/extension of available greenhouse 
crop growth models (Gijzen, 1992; De Koning, 1994); it integrates a mechanistic dry 
matter production model and a mechanistic dry matter distribution model. The model 
TOMGRO (Jones et al, 1991) is much the same as TOMSIM, but TOMGRO is not 
yet well calibrated and validated (Jones et al, 1991; Bertin, 1993; Dayan et al, 1993a, 
1993b), it simulates CO2 effects in an unrealistic way (Chapter 4.3) and the absence of 
a storage pool may give rise to errors (Chapter 5.7). 
In this chapter, strong and weak points of TOMSIM are discussed, with emphasis 
on the interaction between dry matter production and dry matter partitioning. The 
question of how to validate crop growth models and the possibility of generalisation of 
the present model to other (greenhouse) crops is addressed. Possible applications of 
TOMSIM in supporting grower's decisions, in research and in education are discussed. 
Crop growth and development 
Crop growth responds immediately to climatic factors (crop photosynthesis), and with 
some delay. An example of delayed response is the influence of climatic factors on leaf 
area index (LAI) and hence on future light interception and crop growth. Likewise, 
maintenance respiration, according to the present theory, responds immediately to 
temperature, but since it is linked to the amount of biomass, the rate of maintenance 
respiration at a given moment also depends on the integrated (and hence delayed) 
effect of temperature on accumulated dry matter (Chapter 6.1). These immediate and 
delayed responses are represented schematically in Fig. 1. 
Feedback (Fig. 1) does not only play a role in long-term effects of climatic factors, 
but it is also important for the evaluation of crop management. For example, fruit 
pruning will change partitioning in favour of the vegetative parts. This will result in 
higher LAI and increased crop growth, as long as LAI is limiting crop growth 
(Chapter 6.2). 
The direct influence of environmental conditions on assimilate partitioning in to-
mato is only small (Chapters 5.3 and 5.4). An indirect influence of light intensity and 
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C02 concentration on partitioning is expected, as these climatic factors influence 
assimilate production (Chapter 3.2) and hence sink-source ratio. The latter may 
influence fruit set (Bertin, 1995) and thus partitioning. In greenhouse fruit vegetables, 
air humidity (within the range 0.3-1.0 kPa) has no effect on dry matter partitioning to 
the fruits (Bakker, 1991). 
De Koning (1994) reported a clear direct positive effect of temperature on the ratio 
between fruit growth and vegetative growth, but this was not observed in the present 
experiments (Chapters 5.3 and 5.5). Observations of De Koning (1994) agree with 
general believe in practice, that a higher temperature favours generative growth 
relative to vegetative growth in tomato (Kessels, 1993). The decrease in vegetative 
sink with increasing temperature observed by De Koning (1994) is remarkable, as 
enzymatic processes in sources and sinks dominate the response to altered temperature 
(Farrar, 1988). Our results are, however, in accordance with observations of Marcelis 
(1993 a) for cucumber. Small differences between temperature response of vegetative 
iTempe rature 
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Fig. 1. Schematic representation of the direct and the delayed influence of climatic factors and 
fruit thinning on crop growth in an 'indeterminate' tomato crop. Boxes are state variables and 
valves are rate variables: (+) indicates positive influence, (-) indicates negative influence. 
DMC = dry matter content, FGR = fruit growth rate, LAI = leaf area index, Pgc = crop gross 
photosynthesis, Rm = crop maintenance respiration, SLA = specific leaf area and VGR = 




and generative sink strength could not be excluded, based on our experiments 
(Chapters 5.3 and 5.5). No other experiments, allowing for conclusions on a possible 
direct effect of temperature on assimilate partitioning in tomato, are known to me. 
As temperature can be controlled in greenhouses and as it is often seen as a main 
possibility for direct influence on the ratio between vegetative and generative growth 
(Kessels, 1993), more research on the direct temperature influence on partitioning is 
certainly needed. 
Relationship between dry matter production and partitioning 
Dry matter production and dry matter partitioning may interact in several ways 
(Fig. 1). A possible interaction, which received much attention in the literature, is the 
influence of sink demand on source activity (leaf photosynthetic rate). A negative 
feedback of low sink demand on leaf photosynthetic rate has been reported in numer-
ous papers (reviewed by Guinn and Mauney, 1980; Gifford and Evans, 1981). In 
Chapter 3.1, however, it is concluded, that only under extreme conditions (insufficient 
sinks) reduction of sinks will reduce leaf photosynthetic rate in tomato, which is in 
agreement with the conclusion of Ho (1992) and with photosynthesis measurements on 
cucumber (Marcelis, 1991). To my opinion, there is a certain risk, studying sink 
limitation of photosynthesis in plants with all fruits removed or decapitated plants (e.g. 
Tanaka and Fujita, 1974; Starck et al, 1979; Mayoral et al, 1985; Shaw et al, 1986; 
SchafFer et al, 1987). Sink limitation of photosynthetic rate may be observed under 
such conditions, which is, however, without any meaning for commercial crop produc-
tion. The mechanism involved in sink limitation of photosynthetic rate observed in such 
'artificial systems' does not necessarily reflect a mechanism normally occurring in 
plants. 
Sink demand influences source capacity in a tomato plant through its effect on leaf 
thickness, which is inversely related to SLA. A low sink-source ratio results in low 
SLA (Chapter 3.1) and hence reduces source capacity per unit leaf dry weight. 
Assimilate partitioning influences assimilate production as the amount of assimilates 
partitioned into the leaves determines the leaf area and thus the light intercepting 
capacity of the plant (Fig. 1). However, this interaction is mainly important at a LAI 
lower than 3, when not all light is intercepted by the crop. 
The number of fruits influences dry matter partitioning (Chapter 5.1) and fruit yield 
strongly (Fig. 1; Chapters 3.1 and 6.2). Flower and/or fruit abortion is generally 
considered as an important feedback mechanism in plants, bringing assimilate demand 
in accordance with assimilate supply. In several greenhouse crops which grow inde-
terminately, cyclic changes in the proportional dry matter partitioning between fruits 
and vegetative parts have been observed, e.g. in cucumber (Liebig, 1978; Marcelis, 
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1992), sweet pepper (Kato and Tanaka, 1971; Hall, 1977) and tomato (De Koning, 
1989b). This cyclic behaviour can be explained by feed back control of assimilate 
availability on flower and/or young fruit abortion. As a consequence of flower abortion 
and poor fruit set at low assimilate availability, after some time total sink strength of 
the fruits will be low. Under these conditions, the plant will produce 'high quality' 
flowers, with low abortion rates and a large number of growing fruits. This, in turn, 
results in a low assimilate availability and a second cycle of flower abortion and poor 
fruit set (De Koning, 1989b). 
In conclusion, under normal growing conditions, dry matter production and dry 
matter partitioning in tomato interact only indirectly, and therefore effects of dry 
matter production on partitioning and vice versa are delayed. Dry matter partitioning 
influences total dry matter production through its effect on LAI. This effect is relevant 
since LAI is quite low during a large part of the season (De Koning, 1993). Hence, in a 
balanced crop, an increase in dry matter partitioning to the fruits enhances fruit yield 
less than proportional or may even decrease fruit yield (Chapter 6.2). In cucumber this 
is not the case, because this crop forms a dense canopy with high LAI (Marcelis, 
1994a). Effects of total dry matter production on dry matter partitioning are through 
flower and/or fruit abortion and can be very large. In Chapter 2, it was shown that fruit 
number per truss was considerably reduced in winter, and a concomitant decrease in 
partitioning into the fruits in the long term was observed. 
Disregarding feedback mechanisms in crop growth (Fig. 1) may result in inaccurate 
conclusions. For example, potential crop production defined by Challa and Bakker 
(1996) at a constant LAI of 3 and a constant fraction allocated to the harvestable 
product, may not reflect the real production potential. De Koning (1994) showed that 
in tomato maximum fruit production may be reached at a LAI lower than the LAI 
needed for intercepting almost all light, because a higher LAI causes a higher assimilate 
requirement for leaf growth and higher maintenance costs. At lower LAI there is a 
proportional reduction in leaf dry weight and maintenance respiration rate and hence a 
larger fraction of assimilates distributed to the fruits. This may result in an overall yield 
increase (Chapter 6.2). In conclusion, optimal LAI for fruit production will depend on 
the season (De Koning, 1994). 
The assumptions (simplifications) made in the sensitivity analysis in Chapter 6.1 
may be criticised. For example, increased crop growth rate at higher irradiance was 
partly caused by higher LAI. This effect would be reduced if increased leaf thickness 
resulting from higher irradiance would have been taken into account. The effect would 
be further reduced if reduced flower and/or fruit abortion at higher irradiance would 
have been considered. As both effects could not be modelled in a reliable, explanatory 
way (see below), they were not included in the model. This surely is still a weak point 




In several chapters of this thesis, parts of the model or the complete model TOMSIM 
were validated. However, the question of how to validate a model was not considered 
as such. Validation of mechanistic models like TOMSIM should focus on the detailed 
internal workings of the model and should apply to the model components (submodels) 
and to the interaction of the model components (Pidd, 1992). Validation at the level of 
yield only, disregards the possibility of compensating errors in the different submodels. 
In this thesis validation was conducted at the level of submodels, although models 
often are only validated in a full-simulation mode (e.g. Dayan et al., 1993b). This may 
lead to wrong conclusions, as shown in Chapter 6.1, where total crop growth was 
predicted well for the commercially grown crops, because of compensating errors in 
the simulation of SLA and leaf removal. 
Independent data, not used in model development, should be used in model valida-
tion (Van Keulen, 1975; McCarl, 1984). However, often models are validated on 
(partly) the same data as those used for model development (e.g. Jones et ai, 1991; 
Lieth and Pasian, 1991) or validated for a very limited range of conditions only (Kano 
and Van Bavel, 1988; Bertin and Gary, 1993a). Such validations have only a limited 
value. In this thesis, model development was independent from validation experiments, 
except for the function describing the course of SLA over the season (Chapter 6.1). 
For dry matter production, a general model was used (Gijzen, 1992) without making 
specific adaptations, and dry matter partitioning was modelled using data from a 
climate room experiment (Heuvelink and Marcelis, 1989), together with functions on 
plant and fruit development presented by De Koning (1994). For validation, besides 
greenhouse experiments conducted in Wageningen, also data from Montfavet 
(southern France) and from commercially grown crops (Naaldwijk, The Netherlands) 
were used, to ensure model validation with independent data. 
When is a model valid? When validating simulation models, one has to deal with the 
problem of comparing uncertain observations of the real system with uncertain model 
results (Scholten and Van der Tol, 1994). A definition of validation is given by 
Schlesinger et al. (1979): 'Substantiation that a computerised model within its domain 
of application possesses a satisfactory range of accuracy consistent with the intended 
application of the model'. Crop growth models can be easily invalidated or falsified, in 
the terminology of Popper (1959). This, however, does not exclude that such invali-
dated models could not be useful to some extent. Its usefulness depends on its objec-
tive (Scholten and Van der Tol, 1994). 
The validation procedures used in this thesis are: (1) comparison of measured and 
simulated cumulative dry weights 'by the eye' (Chapters 4.2, 4.3, 5.5, 5.7 and 6.1), 
(2) calculation of simulated final dry weight relative to measured final dry weight 
(Chapter 5.5), and (3) linear fit of simulated against measured cumulative fraction of 
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dry matter partitioned into the fruits (Chapter 5.5). The first procedure is still common 
in the literature on crop growth modelling (Jones et al, 1991; Bertin, 1993; Dayan 
et al, 1993b; De Koning, 1994; Marcelis, 1994b). However, it does not provide a 
quantitative measure for the validation result. Quantifying the discrepancy between 
measured and simulated cumulative dry weights may not always be informative, e.g. 
when a model predicts too high a growth rate only in the beginning of the simulation 
period, sum of squares of the residuals of cumulative dry weights will be high, whereas 
most of the time growth rate is simulated correctly. In that case, comparing measured 
and simulated growth rates may solve the problem. However, growth rates, calculated 
from periodic destructive measurements on a small number of plants, often show large 
fluctuations, because of variation among plants. To overcome this problem, growth 
rate may be averaged over larger, moving intervals (Poorter, 1991; Chapter 2). Alter-
natively, comparing measured and simulated cumulative dry weights 'by the eye' 
integrates both comparison of final weights and comparison of growth rates (slope of 
cumulative curve), be it without providing a quantitative measure. 
Procedures for model validation used in this thesis and in the literature, show one 
important omission: they do not take into account stochastic variation in the model 
results. Parameters in the model, as well as model input, are estimates (or measure-
ments) which contain stochastic variation. Therefore model predictions are not single 
values, but rather a range around a mean value. The simulation software package 
SENECA (Scholten et al, 1990) provides easily accessible possibilities to estimate 
stochastic variation in model output. 
Recently, Scholten and Van der Tol (1993) used a technique to determine two as-
pects of model validation: which part of the system behaviour can be simulated ade-
quately with the model (model adequacy) and which part of the model outcome 
matches system behaviour (model reliability). The procedure used by Scholten and 
Van der Tol (1993) for validation of an ecosystem model, seems a promising way of 
validating crop growth models as well. 
TOMSIM, the aggregated model as well as the underlying processes, is extensively 
validated (Chapters 3, 4, 5 and 6). Despite discrepancies between measurements and 
model outcome in several occasions, TOMSIM possesses, in general, a satisfactory 
range of accuracy consistent with the intended application of the model, i.e. tomato 
growth and yield prediction in dependence of climatic factors and crop management. 
However, its applicability is limited by the need for certain inputs, for example a 
seasonal course of SLA and the number of fruits per truss. Reliable simulation, replac-
ing these inputs, would extend the applicability of TOMSIM. The model still needs to 
be validated at a wider range of temperatures and C02 concentrations (Chapter 6.1). 
However, at this moment TOMSIM may be considered the most complete and 
thoroughly validated growth simulator for a greenhouse crop. 
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How general is the model? 
Although only greenhouse tomato was studied, we aimed at a general approach of 
(greenhouse) crop growth. Therefore the question should be addressed to what extent 
the present work is useful for other (greenhouse) crops. 
In the discussion on generalisation of crop models, a distinction should be made 
between model structure and model parameters. The structure of the present model, 
TOMSIM, is open and general. The photosynthesis model is according to Gijzen 
(1992) and no specific adaptations for tomato were made. Dry matter partitioning is 
modelled, based on sink strengths. This approach is not necessarily limited to the 
tomato crop, as it is generally accepted that sinks play an important role in dry matter 
partitioning (Gifford and Evans, 1981; Farrar, 1988; Ho, 1988; De Koning, 1994; 
Marcelis, 1996). For several crops, in agreement with our tomato model, source 
strength (supply of assimilates) and the transport system from source (leaf) to sink 
(e.g. fruit) have no important direct influence on the distribution pattern (reviewed by 
Marcelis, 1996). This seems a general feature of crop growth, despite some reports on 
distance influencing assimilate partitioning, for example in wheat (Cook and Evans, 
1978). 
The present model may well be applied to other fruit vegetables, e.g. cucumber 
(Marcelis, 1994b). However, dominance of older fruits over younger ones had to be 
modelled for accurate prediction of individual fruit growth in cucumber. Our distribu-
tion model can be seen as a specific case of the more general model of Marcelis 
(1994b), where dominance among fruits is equal in all fruits. The approach is, how-
ever, not limited to fruit vegetables. Simulation of dry matter partitioning based on 
potential growth rates was documented for several other crops, e.g. roses (Lieth and 
Pasian, 1991) and peaches (Grossman and De Jong, 1994). 
Parameter values in the model may certainly differ among species or even among 
tomato cultivars. Maximum leaf photosynthetic rates, for example, are low in many pot 
plants, compared to the value used in TOMSIM (e.g. Bierhuizen et al, 1984). Poten-
tial fruit size of a beefsteak tomato is larger than for the round tomato cultivar 
Counter, studied in this thesis (De Koning, 1994). Also truss appearance rate is 
cultivar dependent (De Koning, 1994). For a different tomato cultivar, corresponding 
model parameters may be accessed quite easily. However, for different species this 
may be difficult. Sweet pepper fruits grown at low sink-source ratio, for example, 
suffer of a high incidence of blossom-end-rot (Marcelis and Baan Hofman-Eijer, 1996) 
and the potential growth of a rose shoot, which is both source and harvestable product 
is difficult to access. Sink strength may be deduced indirectly from calibration experi-
ments, as was shown for the vegetative sink strength in tomato (Chapter 5.5; De 
Koning, 1994) and cucumber (Marcelis, 1994b). 
In conclusion, development of a crop growth model for other (greenhouse) crops, 
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based on TOMSIM, is expected to be less labour intensive than the extensive work 
needed to develop and validate TOMSIM. This results from the modular structure of 
TOMSIM, which facilitates transfer of parts of the model to other crops. However, 
many crop specific parameters have to be determined, which is laborious and may 
cause problems (see above). Especially crop specific parameters in development 
processes and dry matter partitioning are a serious obstacle to the development and 
hence application of crop growth models. The large number of crop specific character-
istics seems inevitable. Probably faster methods of parameter estimation can be used. 
For example, potential growth rates may be deduced from calibration experiments 
instead of measurements. Usually, it will not be necessary to know the exact level of 
the potential growth rates, as it is the ratio between potential growth rates which 
determines partitioning. 
Limitations on the applicability of the model 
SLA 
Sensitivity analysis showed a strong influence of SLA on simulated crop growth, and 
TOMSIM overestimated SLA for commercially grown crops severely (Chapter 6.1). 
Unfortunately, in the prediction of SLA only the seasonal effect (mainly radiation; 
Chapter 2) is taken into account, hence ignoring the well-known effects of temperature 
(Harssema, 1977; Heuvelink, 1989), C02 concentration (Madsen, 1973; Nederhoff ef 
al., 1992), concentration of the nutrient solution (W. Van Ieperen, pers. comm., 1995) 
and sink-source ratio (Chapter 3.1). This could explain the large discrepancy between 
measured and simulated SLA for the commercially grown crops (Chapter 6.1). 
In most crop growth models, SLA is not simulated in an explanatory way. For ex-
ample, Van Keulen et al. (1982) and Spitters et al. (1989) assume a constant SLA all 
along the growing cycle and Wilkerson et al. (1983) describe SLA as a function of 
developmental stage of the crop. Jones et al. (1991) used a hardly validated empirical 
function to describe SLA in dependence of light, CO2 concentration and temperature, 
which resulted in underestimation of SLA in an experiment not used for developing the 
relation (Gary et al, 1993). In the cases mentioned, leaf area expansion is calculated 
by multiplying the increase in leaf dry weight by SLA. Sometimes simply a forcing 
function of leaf area (LAI) in course of time is adopted (Gijzen, 1992; Rijsdijk and 
Houter, 1993; Marcelis, 1994b), hence ignoring any feedback of dry matter partitioned 
to the leaves. 
A more intuitive approach was suggested by Warren-Wilson (1972) for Impatiens 
parviflora and Thornley and Hurd (1974) for tomato. These authors observed that the 
inverse of SLA (or leaf area ratio LAR, i.e. leaf area/plant dry weight) was linearly 
correlated with net assimilation rate (NAR). This relation between LAR and NAR was 
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also observed for tomato, cucumber, sweet pepper and carnation (Bruggink and 
Heuvelink, 1987; Bruggink, 1992). Thornley and Hurd (1974) separate between 
structural SLA, i.e. the ratio of leaf area to leaf structural dry weight which in their 
hypothesis would remain constant, and actual SLA which would be decreased by non-
structural leaf dry weight (carbohydrate storage). Their hypothesis in fact predicts leaf 
area and leaf dry weight independently, with SLA as a resultant. Gary et al. (1993) 
showed that implementing Thornley and Hurd's (1974) hypothesis in the tomato crop 
growth model TOMGRO largely improved its ability to predict short-term SLA 
variations. However, well-known structural adaptations of leaf anatomy to external 
conditions (Esau, 1953) are ignored. 
Flower and/or fruit abortion 
Flower and/or fruit abortion were not explicitly investigated in this thesis. Although 
abortion could have been incorporated in the model, based on the literature, it was 
decided not to do so. In fact, flower and/or fruit abortion is still only poorly under-
stood. To characterise assimilate availability as a determinant of abortion, plant sink-
source ratio has been adopted (Bertin and Gary, 1993a; Dayan et al, 1993a; Marcelis, 
1994b). De Koning (1994) used vegetative growth rate as a predictor of fruit forma-
tion rate. This is virtually the same as using plant sink-source ratio, because in models 
that simulate dry matter partitioning on the basis of competition for assimilate, the 
vegetative growth rate is inversely proportional to the sink-source ratio (De Koning, 
1994). 
However, flower and/or fruit abortion cannot always be explained by shortage of 
assimilate supply. This resource limitation hypothesis failed to explain the observed 
fruit abortion in a number of situations (Bangerth, 1989; McAlister and Krober, 1958) 
and therefore alternatives have been sought for. A chemically-mediated hypothesis 
explains fruit abortion as a consequence of a process where the dominant fruits send 
signals (plant growth regulators) that inhibit development of younger fruits (Tamas 
et al, 1979; Van Steveninck, 1959). The chemically-mediated hypothesis is based on 
the assumption that a certain hierarchy already exists among the simultaneously 
developing sinks, but does not explain how such hierarchy is generated (Ganeshaiah 
and Uma Shaanker, 1994). 
Ganeshaiah and Uma Shaanker (1994) proposed that fruit abortion is based on the 
process of self organisation. The probability of any given sink getting a resource 
molecule is a function of its sink strength and the amount of resource molecules 
already moved to that sink. Accordingly, any resource molecule moving to a sink, 
autocatalytically increases the probability of the latter getting further resources. 
Despite the promising results of this new concept explaining fruit abortion, much more 
research is needed to get a better knowledge of flower and/or fruit abortion. 
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Fruit dry matter content 
Yield (fresh weight) prediction is severely hampered by the large variation in fruit dry 
matter content (Chapter 2). The dry matter content in fruits is influenced by several 
factors, e.g. cultivar (Davies and Winsor, 1969; Davies and Hobson, 1981), assimilate 
availability (Marcelis, 1993 a; De Koning, 1994), temperature (Marcelis, 1993 a; De 
Koning, 1994) and salinity of the root medium (Ehret and Ho, 1986; De Koning, 1994; 
Ho and Adams, 1994). 
Deriving fruit production from dry matter production on the basis of a constant dry 
matter content would give rise to large errors. Therefore, De Koning (1994) related 
tomato fruit dry matter content to the day of the year (season), the cultivar, the 
temperature and the salinity of the root medium. This empirical function predicted the 
level and the seasonal fluctuations in fruit dry matter content for three commercially 
grown crops reasonably well (De Koning, 1994). However, it is not very satisfying to 
simulate dry matter content as a function of the season, as such a function cannot have 
a general validity. Therefore, a more mechanistic model for dry matter content is 
needed. However the relation between growth in fresh and dry matter is still only 
poorly understood, partly because 'the currently quite separate literatures on growth as 
an increase in dry matter and growth as an increase in volume - water content -' are 
not combined (Farrar, 1993). Models, in which carbon production and partitioning are 
combined with water uptake and transpiration (e.g. Gijzen, 1994) may be a first step in 
the direction of a more mechanistic model for fruit dry matter content. Certainly more 
research is needed in this field, as water content of the harvestable product influences 
yield of greenhouse crops (sold by fresh weight) strongly. Water content, moreover, 
may also affect product quality, e.g. the taste and shelf life of tomato fruits (Verkerke 
etal, 1993). 
Root growth 
Root growth is assumed to be a fixed proportion of total vegetative growth 
(Chapter 6.1). Although Hurd et al. (1979) indeed observed that root growth in 
tomato was proportional to the above-ground vegetative growth in a ratio of 1:5, a 
constant ratio may not be generic. Often roots are not measured, which makes it 
difficult to validate the assumption of a constant ratio. For cucumber, the weight ratio 
between root and total vegetative parts increased with light intensity and decreased 
with fruit load at 18°C (Marcelis, 1994c). At 25°C no effect of fruit load on the weight 
ratio between root and total vegetative parts was observed. As under most circum-
stances roots will only take a small part of total assimilates (Kahn and Sagar, 1969; 
Hurd etal., 1979), however, such approximations will not cause large errors in growth 
of above ground plant parts. Nevertheless, prediction of root growth is of broader 
interest, e.g. in relation to the amount of (young) roots which may be insufficient to 
provide the plant with adequate amounts of water and nutrients, especially iron, 
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magnesium and calcium (Hurd, 1978). 
Maintenance respiration 
Maintenance respiration cannot be measured directly and is in general not well quanti-
fied experimentally. No explanatory model exists; present models are all more or less 
descriptive. For open field production, usually occurring in the growing season at 
rather high irradiance levels, some discrepancy between actual and simulated mainte-
nance respiration is not a big problem as maintenance respiration will be small com-
pared to gross photosynthesis. However, a large amount of biomass present in winter 
(low irradiance) is typical for several (year-round) greenhouse cultivations and results 
in large effects of maintenance respiration on crop growth. In Chapter 4.2 for two 
commercially grown tomato crops a reduction in simulated maintenance respiration by 
50% increased crop dry matter production by 30%. A strong impact of maintenance 
respiration coefficients on predicted dry matter production was also shown by Kool 
and De Koning (1996) for rose production in winter. 
More knowledge on maintenance respiration is necessary for accurate prediction of 
crop growth, especially for greenhouse crops. An improvement could be the simulation 
of maintenance in dependence of crop metabolic activity. In their basic crop simulator 
(BACROS), De Wit et al. (1978) simulated maintenance respiration as a function of 
protein content, which could be interpreted as an indicator of metabolic activity 
(Amthor, 1989). In this thesis (Chapter 4.2), relative growth rate is used as a measure 
for crop metabolic activity. However, for both approaches a thorough validation is 
missing. 'Maintenance coefficients are affected by many factors and simulation models 
must account for this if they are to be mechanistically realistic' (Amthor, 1989). Both 
theoretical and experimental assessments of maintenance respiration rates need further 
improvement (Amthor, 1989). Perhaps the recent work of Bouma (1995), who estab-
lished the identity and energy requirements of the most important maintenance 
processes, can lead to theoretically better founded models for maintenance respiration. 
Potential crop growth 
It should be emphasised, that TOMSIM predicts the potential growth of a crop, i.e. 
dry matter accumulation under ample supply of water and nutrients in a pest, disease 
and weed-free environment under the prevailing greenhouse climatic conditions. One 
of the main future tasks is to integrate stress responses in the model. World-wide, 
water stress, because of water shortage or because of high salinity, becomes more and 
more important. Besides, fruit water content may affect product quality, as mentioned 
before. Integrating pest (including predators and parasites) and disease models into 
crop growth models is very important in view of the general aim to reduce the use of 
pesticides. 
Water status or pest and disease models have been integrated with crop growth 
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models (e.g. Marcelis, 1989; Gijzen, 1994; Rabbinge et al, 1990) but often these 
attempts are hampered by not knowing quantitatively the interactions or by aspects 
linking the models not being simulated. For example, the intrinsic rate of increase, i.e. 
the number of viable female eggs per female per day, of leafmining fly Liriomyza 
trifolii on tomato was positively linearly related to leaf nitrogen content (Minkenberg 
and Fredrix, 1989), which is not considered in TOMSIM. 
Practical consequences 
Supporting the grower in his decisions 
TOMSIM, developed and validated in this thesis, may support the grower in his 
decisions. Depending on the time scale, three levels can be distinguished where deci-
sions are made: strategic, tactical and operational decisions (Challa, 1988). At strategic 
level, the model may be used to decide on e.g. the investment in energy screens, 
artificial lighting or heat storage tanks for CO2 enrichment (Rijsdijk and Houter, 1993). 
However, the model contains more details (e.g. growth of individual fruit trusses) than 
needed for application at this level. 
Tactical decisions which can be supported by the model are e.g. plant density, leaf 
picking and fruit pruning. 'Optimal' plant and shoot density are a point of discussion 
between growers every year. This problem is complex, as plant and shoot density 
influence a lot of factors, e.g. light interception and thus crop growth (De Koning and 
De Ruiter, 1991; Chapter 5.4), fruit set (De Koning and De Ruiter, 1991; Cockshull 
and Ho, 1995), fruit size (Chapter 5.4), yield (Chapter 5.4), but also costs of plant 
material and labour requirement per unit greenhouse area. 'Optimal' shoot density 
strongly depends on e.g. irradiance (De Koning, 1994), which varies throughout the 
season. Therefore growers try to adjust shoot density by retaining side shoots towards 
the summer. 
TOMSIM can predict yield for different shoot density scenarios (plant density, time 
of retaining side shoots, side shoots on all or only part of the plants). In combination 
with an economic model these strategies can be evaluated in principle, provided SLA 
and flower and/or fruit abortion can be modelled satisfactorily (De Koning, 1994). 
TOMSIM can also be used to predict required fruit number per truss and shoot 
density to maintain fruit size within a preferred size range. It is noted that, as more 
than 90% of the fruit weight is water (Ehret and Ho, 1986; Chapter 2), the availability 
of water for fruit growth, which is assumed to be optimal in the model, can also 
influence fruit size. However, at a given target fruit dry matter content, which may be 
considered as an indicator of quality related to taste and shelf life (Verkerke et ai, 
1993), sink-source ratio is the major determinant of fruit size. The problem of required 
fruit number per truss and shoot density to maintain a preferred fruit size range, was 
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investigated experimentally by Cockshull and Ho (1995). However, for accurate 
prediction an accurate long-term weather (irradiance) forecast is needed. Alternatively, 
different weather scenarios may be evaluated. 
At operational level, climate control may be supported by the model, e.g. the op-
eration of artificial lighting in greenhouses (Heuvelink and Challa, 1989). In Dutch 
greenhouse cultivation recently a photosynthesis model was introduced for diurnal 
control of heat storage with respect to CO2 supply (Nunnink, 1991). Crop photosyn-
thesis is a major (fast reacting) yield determining process and therefore it is a suitable 
criterion to evaluate short-term effects of climate control in greenhouses. For optimal 
climate control the relation between control actions and marginal yields and marginal 
costs should be settled, within the scope of the established tactical plan (Seginer, 1993; 
Van Straten and Challa, 1995). An extensive discussion on the economic evaluation of 
crop photosynthesis can be found in a paper of Challa and Heuvelink (1993). 
When the model is used in operational management [fruit pruning, short-term (days 
to weeks) temperature strategy], observed number of fruits formed may be input to the 
model. This would to a large extent overcome the problem that flower and/or fruit 
abortion is not yet included in the model. 
Other applications of the model 
In research TOMSIM can be used in testing hypotheses on plant growth. An example 
is given in Chapter 5.6. Experimental results of Slack and Calvert (1977) on assimilate 
partitioning, that were interpreted as a direct influence of phloem transport resistance 
on assimilate partitioning, were predicted by the model, where phloem transport 
resistance is fully ignored. Without the model, this re-interpretation would be only 
qualitatively possible. The model proved that the simple hypothesis, where transport 
resistance does not influence partitioning, could account fully for the phenomena 
observed (Chapter 5.6). 
The model also allows for testing growth or yield sensitivity to different inputs or 
parameters. In this way research activities can be focused on the most important 
processes or parameters. For example, sensitivity analysis in Chapter 4.3 made it clear 
that it is much more important to obtain an accurate estimate of leaf photochemical 
efficiency than of leaf stomatal resistance or crop extinction coefficient for radiation. 
Chapter 6.1 revealed a strong influence of SLA on crop growth, not only for a young 
crop, but also for a producing crop. For breeders, it may be worthwhile to select 
cultivars with a high SLA. Increased leaf thickness in summer (Nederhoff et ai, 1992) 
and thus reduced LAI and light interception (De Koning, 1993) may be the major 
factor reducing crop production below the potential level. However, genotypes 
developing a high SLA at high CO2 and radiation, may not perform well with respect to 
e.g. diseases, leaf photosynthetic characteristics or water balance. 
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TOMSIM can also play an important role in education. With the model, students 
can investigate and analyse the importance of different factors for crop growth. 
Comparing the model output for different inputs (climatic data, crop management and 
crop characteristics), knowledge on the interactions between crop management and 
greenhouse climate can be gained. Because explanatory models are open, the results 
can be analysed by inspection of the internal behaviour of the system: the model is fully 
transparent and hence provides background information to understand the phenomena. 
In this way, students are engaged in active exploration and learning - an approach 
which is advocated in modern instructional/learning theories (De Jong, 1991; Van 
Schaick Zillesen, 1991). Additional reasons for using simulators in education are a 
motivational aspect and the possibility of creating situations that are unacceptable in 
reality for reasons of costs or time (De Jong, 1991; Van Schaick Zillesen, 1991). 
It is my expectation, that the use of simulation models in research, commercial 
practice and education will increase. This thesis clearly shows the value of an explana-
tory crop growth model. 
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Summary 
Today's greenhouse cultivation may be considered as the most intensive and sophisti-
cated form of crop production, often referred to as the greenhouse industry, thus 
emphasising the role of technology in the whole process. Because of complexity of 
crop production and because growth conditions in greenhouses are under close con-
trol, a better understanding of growth of greenhouse crops is needed for optimal use of 
these potentials for various, often conflicting, objectives. Important tools are climate 
control and crop management. The knowledge required for optimal management and 
control of the production process in protected cultivation is quite extensive and covers 
different scientific disciplines. In this vast field of knowledge, it is important to develop 
generic methods, such as explanatory models. As opposed to the more common 
empirical research, explanatory models (simulators) enable a scientific approach to 
agricultural problems by incorporating knowledge on underlying processes. 
The aim of this study was to improve existing greenhouse crop growth models in 
the case of tomato, in particular with respect to its response to greenhouse climate and 
crop management. This aim was approached by: (1) a detailed analysis of crop growth 
and production, (2) investigation, quantification and testing of the underlying relation-
ships and (3) evaluation, improvement and validation of the submodels and the 
aggregated model. Greenhouse climatic factors investigated were light, temperature 
and CO2. Crop management actions investigated were plant density and fruit pruning. 
The improved explanatory model for tomato crop growth, development and yield 
resulting from this study is called TOMSIM. 
Time courses of dry weight of the different plant organs, leaf area index (LAI), specific 
leaf area (SLA) and dry matter partitioning are presented for 12 experiments 
(Chapter 2). Crops were grown in heated greenhouses without CO2 enrichment in 
different seasons and five different years. Each experiment lasted for a period of about 
100 days after flowering of the first truss (planting date). Except for one experiment, 
trusses were pruned to seven fruits per truss. Crop growth rate (between two destruc-
tive measurements) showed a slightly saturating response to photosynthetically active 
radiation (PAR) inside the greenhouse, probably caused by CO2 depletion at high 
irradiance. Fitting a linear relationship of crop growth rate to PAR resulted in a slope 
(crop efficiency) of 2.5 g dry matter MJ'1 PAR. Crop growth rate varied between 
almost zero in winter and 20 g m"2 d*1 in summer. Truss appearance rate was linearly 
related to temperature (18-23°C), with a slope of 0.010 trusses d'1 °C"\ At 20°C this 
rate was 0.146 trusses d'. Average crop SLA showed a sinusoidal relation with season 
and was 175-250 cm2 g"1 in summer and 300-400 cm2 g'1 in early spring, late autumn 
and winter. At the end of most experiments, 54-60% of cumulative dry matter was 
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distributed to the fruits and ratio between produced leaf and stem dry weight was 7:3. 
However, for late autumn plantings only 35-38% of dry matter was distributed to the 
fruits, owing to poor fruit set. For all but one experiment the same relationship be-
tween total dry weight (TDW; g m'2) and fruit dry weight (FDW; g m"2) was observed: 
FDW = 0.642 (TDW-80.0). Fruit dry matter content was on average 5.6% and did not 
clearly depend on the season. 
Leaf and crop photosynthesis were studied in Chapter 3. First, the influence of sink 
demand on source strength (photosynthetic rate) was investigated. Source-sink ratio 
was manipulated, in six greenhouse experiments, by fruit pruning (trusses pruned to 
two to seven fruits immediately after fruit set of each truss), truss pruning (removal of 
every other truss at anthesis) and truss pruning in plants with two shoots. Periodic 
destructive measurements were conducted for about 100 days after flowering of the 
first truss. Dry matter production was not influenced by source-sink ratio. In four 
experiments some plants were pruned to one fruit per truss. Final dry matter produc-
tion was 8-24% lower for these plants, compared with plants with more than one fruit 
per truss. This was, at least partly, the result of less light interception by these plants, 
which had strongly curled leaves pointing downwards. Apparently, effects of sink 
demand on dry matter production per unit of intercepted radiation and probably on leaf 
photosynthetic rate in commercial tomato production can be ignored. 
Measurements on the influence of irradiance, CO2 concentration, and LAI on 
tomato crop photosynthesis are presented in Chapter 3.2. The rates of net crop photo-
synthesis by a small canopy of tomato plants were measured (semi-closed system) in 
two daylit phytotron compartments (floor area of 4.8 m x 5.1 m) at 20°C, CO2 con-
centrations of 340, 500 and 900 umol mol"1, over a range of natural photosynthetic 
photon flux densities (PPFD; 0-1400 umol m"2 s"1) and for different LAI (1.5-3 m2 m"2). 
The system permitted measurements with combinations of high PPFD and high C02 
concentration at normal temperatures. CO2 enrichment increased crop gross photosyn-
thetic rate (Pgc) over the whole range of PPFD. Increasing CO2 concentration from 340 
to 500 umol mol'1 increased Pgc with 23% (averaged over all PPFD) and the C02 
effect tended (only few data were available) to increase with PPFD. Independent of 
PPFD, Pgc increased with 17% when CO2 concentration increased from 500 to 900 
umol mol'1. Even at a PPFD of 1400 umol m"2 s"1, Pgc was not completely light-
saturated: independent of C02 concentration and LAI, Pgc increased with 5-7% when 
PPFD increased from 1200 to 1500 umol m"2 s"1. Independent of PPFD, at a C02 
concentration of 340 or 500 umol mol'1, Pgc increased with 17-21%, when LAI in-
creased from 1.5-2.0 to 2.5-3.0. At a C02 concentration of 900 umol mol"1 this 
influence of LAI decreased from 30% at 50 umol m"2 s"1 to 16% at 1400 umol m"2 s"1. 




In Chapter3.3, the explanatory crop photosynthesis model ASKAM (Gijzen, 1992) 
was validated for tomato. Single leaf photosynthetic rates (Pg) are simulated separately 
for shaded and sunlit leaf area at different depths in the canopy, taking the direct and 
diffuse components of light into account. Pgc is computed by integration of Pg over the 
different depths. Leaf photochemical efficiency (e) and leaf gross photosynthetic rate at 
saturating PPFD (Pg,max) depend on temperature and CO2 concentration. Pg.max and 8 
are assumed to be identical in the whole canopy. Pg measurements revealed that e and 
Pfcmax in tomato were not much different from the standard values in ASKAM. Meas-
ured leaf scattering coefficient was 0.11 and extinction coefficient for diffuse radiation 
was 0.75, which was in agreement with the standard values in ASKAM. Crop photo-
synthesis measurements from Chapter 3.2 were used for model validation. ASKAM 
had to be adapted to simulate explicitly the effects of side-lighting in the small crop 
used for Pg(: measurements. Crop dimensions, global radiation outside, fraction diffuse 
radiation outside (Fdif), LAI, CO2 concentration, temperature and respiration rate 
(measured during the night) were input to the model. Predicted level and dynamics of 
PPFD inside the phytotron compartment and Pgc showed good agreement with the 
measurements. However, increasing CO2 concentration from 500 to 900 u,mol rnol'1 
increased measured Pgc with 17%, whereas the model predicted an increase with 9%. 
This underestimation of influence of CO2 at higher CO2 concentrations was also 
observed for Pg. Correcting Pgc for side-lighting by adding side-light to PPFD on top 
of the crop, yielded Pgc-light response curves representative for 'infinite' crop cano-
pies, although accuracy of this procedure depended on e.g. LAI and crop height. It is 
concluded that ASKAM is a reliable part of the model TOMSIM, except for the 
simulation of CO2 influence above 500 umol mol"1. 
Dry matter production in greenhouse tomato is treated in Chapter 4. In Chapter 4.1, a 
glasshouse transmission model that predicts transmission for direct radiation based on 
solar position, roof angle, dimensions of the roof construction parts, transmissivity of 
the glass panes and the orientation of the glasshouse, is validated. For diffuse radiation, 
transmissivity was calculated by integrating the weighted transmission of direct radia-
tion over the sky hemisphere. Transmission of solar radiation by a multispan Venlo-
type glasshouse, used in all greenhouse experiments presented in this thesis, was 
measured at a height of 0.5 m below the gutters, using four tube solarimeters inside the 
glasshouse, mounted on a pipe which described half a circle around its middle in a 
horizontal plane. Radiation measurements were averaged over 2 min intervals, thus 
representing average radiation level for a sector. Total global radiation and fraction 
diffuse were measured outside. The measurements showed almost constant values of 
about 62% for transmissivity on dull days (90-100% diffuse radiation), whereas 
average daily transmissivity for a sector ranged between 51% and 73% on those days. 
On clear days (when a large part of radiation is direct), transmissivity could increase from 
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values below 40% in the early morning up to 70% around noon. Glasshouse transmis-
sivity for the actual radiation condition was calculated by the model, using measured 
fraction diffuse. Both predicted level and dynamics of transmissivity showed reason-
able agreement with the measurements (clear and dull days in May and November). 
In Chapter 4.2, the growth experiments from Chapter 2, together with two addi-
tional greenhouse experiments in which plant density was varied and two data-sets 
from commercially grown crops, were used for validation of the explanatory green-
house crop growth model SUKAM (Gijzen, 1992). Crop gross photosynthesis in this 
model is calculated according to ASKAM (Chapter 3.3). Crop growth results from 
daily crop gross assimilation rate minus maintenance respiration rate (R™; dependent on 
temperature and crop dry weight), multiplied by the conversion efficiency 
(carbohydrates to structural dry matter; Cf). Hourly averages for global radiation 
outside the greenhouse, greenhouse temperature and CO2 concentration, together with 
measured LAI, dry matter partitioning (for calculation of Cf) and organ dry weights 
(for calculation of Rm) were the inputs to the model. Predicted level and dynamic 
behaviour of dry matter production agreed reasonably well with measurements for 
most experiments, but final dry matter production was underestimated by about 27% 
for commercially grown crops. At low irradiance and large crop dry weight, growth 
rate was underestimated, probably as a result of overestimation of Rm. This overesti-
mation could almost completely explain the large underestimation for the commercially 
grown crops, which had large dry weight, as a result of higher growth rate (CO2 
enrichment) and longer cultivation period. When maintenance costs were related to 
relative growth rate (a measure for metabolic activity) predictions of crop growth rate 
were improved. Final dry matter production was overestimated by 7-11% if daily 
averages instead of hourly input of climatic data were used, which was explained by 
the correlation between irradiance and CO2 concentration and the non-linearity of the 
responses of Pgc to CO2 and irradiance. When a comparison was made between daily 
input and hourly input for irradiance only, using average daily CO2 concentrations, 
final dry matter production was overestimated by 2% only (Chapter 4.3). 
In Chapter 4.3, the dry matter production model of Chapter 4.2 is compared with 
dry matter production in the tomato growth and development model TOMGRO. In 
TOMGRO, Pgc is calculated assuming a constant e and Pg,™* increasing proportional 
with C02. Under most conditions, Pgc was 5-30% higher in TOMSIM than in 
TOMGRO. Both models were very sensitive to 8 and to a lesser extent to light extinc-
tion coefficient, whereas the scattering coefficient of leaves had hardly any effect on 
simulated Pgc. In four greenhouse experiments used for validation, almost identical 
curves for crop growth were obtained with both models. Three experiments, con-
ducted in Wageningen, showed good agreement between simulated and measured crop 
growth, whereas in an experiment conducted in Montfavet (South France) both models 
underestimated cron growth with about 35%. 
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In Chapter 5, dry matter partitioning in tomato is investigated experimentally and 
modelled. Chapter 5.1 focuses on the influence of fruits on dry matter partitioning. 
Greenhouse experiments (mainly from Chapter 3.1), in which tomato plants were 
grown for about 100 days at different levels of fruit removal, showed a strong influ-
ence of fruit load (number of fruits) on assimilate partitioning between vegetative and 
generative plant parts. The fraction of dry matter distributed to the fruits in the last 
weeks of the experiments (Ff™,,,), when an (almost) constant partitioning of dry matter 
was reached, could be described accurately by a saturation-type function of number of 
fruits retained per truss (nf): F^u = nf/(2.96+nf). This means generative sink strength 
was proportional to the number of fruits (range: 2-7 fruits per truss) and the average 
sink strength of a vegetative unit (three leaves and stem internodes between two 
trusses) was 2.96 times the average sink strength of one fruit. In an experiment with 
two treatments, i.e. no truss pruning or every other truss removed at anthesis, the 
average fraction of dry matter distributed to the fruits (FfruiU), over a time interval 
between two destructive measurements, increased with average fruit number on the 
plant (Nf) during this time interval according to: F^u = Nf/(24.2+Nf), which is in 
agreement with the relationship between Ff^ u and nf. Weight of individual fruits 
decreased with increasing number of fruits per plant, albeit less than proportional. 
The influence of the distance (phloem resistance) between source and sink on dry 
matter partitioning between fruits and vegetative parts in tomato was studied in two 
greenhouse experiments (Chapter 5.2). A control treatment (single-shoot plants, no 
truss removal) was conducted, together with two double-shoot treatments: double-
shoot plants with no trusses removed from one shoot and all trusses removed at 
anthesis from the other shoot (100-0) and double-shoot plants with every second truss 
removed from both shoots (50-50). Plant growth and dry matter partitioning was 
recorded by periodic destructive measurements, during a period of about 100 days 
after anthesis of the first truss. For the double-shoot treatments equal fractions of dry 
matter were partitioned into the fruits. Until 60-65 days after flowering of the first 
truss, vegetative growth of the individual shoots in both double-shoot treatments was 
the same. Results supported the assumption of one common assimilate pool and 
showed no significant influence of distance (transport resistance) between source and 
sink on dry matter partitioning 
Temperature may influence dry matter partitioning between fruits and vegetative 
plant parts either directly or indirectly through its influence on development, flower 
and/or fruit abortion. In Chapter 5.3, it was investigated whether there is any direct 
effect of temperature on dry matter partitioning between fruits and vegetative plant 
parts. A greenhouse experiment was conducted, with alternating 3-week periods of 
high (23°C) and low (18°C) temperature setpoint. Dry matter partitioning during these 
3-week periods was determined from destructive plant measurements at two levels of 
fruit pruning (three and seven fruits per truss). Indirect temperature effects on dry 
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matter partitioning were excluded by maintaining a constant number of fruits per truss. 
On average, the fraction of dry matter distributed to the fruits during a 12-week 
period, starting with the flowering of the fifth truss (28 days after planting), was 0.53 
(three fruits per truss) and 0.70 (seven fruits per truss). These ratios were also calcu-
lated for every 3-week period separately and did not depend on the average tempera-
ture (18-24°C) during that period. It is concluded that dry matter partitioning in 
tomato is not significantly affected by temperature directly, which means that the 
temperature effect (18-24°C) on the generative sink strength is not much different 
from the temperature effect on the vegetative sink strength. 
The effect of plant density (1.6, 2.1 and 3.1 plants m"2; within-row plant distances of 
0.80 m, 0.60 m and 0.40 m, respectively) on biomass allocation to the fruits was 
studied in Chapter 5.4. A greenhouse experiment with periodic destructive measure-
ments was conducted for a period of 105 days after anthesis of the first truss (planting 
date). Trusses were pruned to seven fruits. In this way indirect effects of plant density 
on dry matter partitioning through flower and/or fruit abortion were prevented. At 
higher plant density growth per plant was reduced considerably, but dry matter parti-
tioning was not influenced. At the end of the experiment, 57-59% of total dry matter 
produced was in the fruits for all three plant densities. 
In Chapter 5.5, the results reported in the previous chapters were integrated in a 
dynamic simulation model describing the daily dry matter partitioning between the 
generative and vegetative plant parts and the partitioning among individual fruit 
trusses. The model is based on the hypothesis that dry matter partitioning is regulated 
by the sink strengths of the plant organs, quantified by their potential growth rates, i.e. 
the growth rates at non-limiting assimilate supply. Within the plant, individual fruit 
trusses are distinguished and sink strength of a truss is described as a function of its 
developmental stage. Truss development rate is a function of temperature and truss 
developmental stage. Truss appearance rate is a function of temperature only; in 
Chapter 3.1 it was shown that fruit pruning did not influence truss appearance rate. 
The same potential growth curve, proportional to the number of fruits per truss, is 
adopted for all trusses. In a simple version of the model, vegetative plant parts are 
lumped together as one sink with a constant sink strength. In a more detailed version, 
vegetative sink strength is calculated as the sum of sink strengths of vegetative units. 
The model was validated for six greenhouse experiments, covering effects of planting 
date, plant density, number of fruits per truss (pruning at anthesis), truss removal 
(every other truss removed at anthesis), single- and double-shoot plants and a tempera-
ture experiment conducted in climate rooms at 17, 20 or 23 °C. Daily increase in 
above-ground dry weight, average daily temperature and numbers of set fruits per truss 
were inputs to the model. Both the simple and the more detailed model showed good 
agreement between measured and simulated fraction of dry matter partitioned into the 
fruits over time. Truss appearance rate and fruit growth period (time from anthesis 
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until harvest stage) were simulated well, based on 24 h mean temperatures only. For 
the simple version of the model, the slope of the lines relating simulated to measured 
fraction partitioned into the fruits (16 data-sets), varied between 0.92 and 1.11, on 
average it was 1.04, implying 4% overestimation for this fraction. For the detailed 
model these numbers were slightly better: 0.89, 1.08 and 1.01, respectively. The 
temperature experiment revealed no important direct influence of temperature on the 
ratio between generative and vegetative sink strength. Simulated truss growth curves 
showed reasonable agreement with the measurements, although both models overesti-
mated (17% on average) final dry weight of the lower trusses (truss 1-3) on a plant. 
Modelling dry matter partitioning based on sink strengths of organs is promising, as it 
is a general, dynamic and flexible approach, showing good agreement between meas-
urements and simulation for a range of conditions. Applicability of the model is, 
however, still limited as long as the number of fruits per truss (flower and/or fruit 
abortion) is not simulated, as this is a major feedback mechanism in plant growth. 
The model, developed, calibrated and validated in Chapter 5.5 was used to re-
interpret a literature experiment (Chapter 5.6). Slack and Calvert (1977) removed one 
of the first nine trusses of a tomato plant as soon as possible after its appearance. 
Trusses were not removed from control plants, and all plants were 'stopped' by 
pinching-out the growing point, leaving two leaves above the tenth truss. These 
authors concluded that 'in the absence of an adjacent carbon sink the available material 
moves towards the remaining trusses and is absorbed by them in amounts related to 
their distance from the providing leaves', thus inferring a direct influence of distance 
from source on assimilate partitioning. Using the model, in which no influence of 
transport resistance on partitioning exists, it is shown that the results of Slack and 
Calvert (1977) could be explained more straight-forward on the basis of the succession 
of trusses with a growth pattern shifted over time. Therefore, their results rather prove 
that transport resistance does not play a role in assimilate partitioning. 
Finally, the dry matter distribution model developed in this thesis, was compared 
with the distribution submodel in the dynamic tomato crop growth and development 
model TOMGRO. In general dry matter partitioning was simulated well by both 
models for the cultivar and conditions where they were developed. TOMGRO's poor 
performance in one of the validations resulted from the absence of an assimilate 
storage pool. To achieve reasonable agreement between measurements and simulations 
for situations other than where the models were developed, parameter adjustments had 
to be made, most likely reflecting cultivar differences, e.g. in truss appearance rate and 
potential fruit size. 
In Chapter 6.1, the dry matter production model (Chapter 4.2) and the dry matter 
distribution model (Chapter 5.5) were combined to a dynamic tomato crop growth and 
development model TOMSIM. SLA is described as a function of season only. There is 
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no direct influence of dry matter production on dry matter partitioning. The two 
submodels interact through influence of dry matter production and partitioning on LAI 
and biomass present. Sensitivity analysis showed that LAI was very sensitive to SLA 
and the developmental stage of the corresponding truss at which leaves of a vegetative 
unit are removed from the plant. Global radiation, CO2 concentration, SLA and the 
developmental stage of the corresponding truss at which leaves of a vegetative unit are 
removed from the plant, had a large influence on crop growth rate, whereas tempera-
ture, plant density, number of fruits per truss and vegetative sink strength were less 
important. In the long term, temperature did not influence simulated maintenance 
respiration rate, as increased respiration rate per unit of biomass at higher temperature 
was compensated by a decrease in biomass. The model was validated on four green-
house experiments with plant density and fruit pruning treatments, and on data from 
two commercially grown crops. In general, measured and simulated crop growth rate 
agreed reasonably well: final crop dry weight was overestimated with 0-31%. Inaccu-
rate simulation of LAI sometimes resulted in large discrepancies between measured 
and simulated crop growth rate, especially at low LAI. LAI in the first weeks after 
planting was often overestimated, because of overestimation of SLA and because of 
overestimation of crop growth rate, even when observed LAI was input to the model. 
The model is a valuable tool in calculations on strategies in climate control and crop 
management. In Chapter 6.2, the influence of fruit load on total dry matter production, 
fruit yield and mean fruit weight was investigated with TOMSIM. Crop growth and 
yield were simulated over a period of 250 days from anthesis of the first truss. A higher 
fruit load (number of fruits per truss) decreased dry matter production, as extra fruit 
growth was at the expense of vegetative growth, reducing LAI and hence light inter-
ception and dry matter production. Fruit yield showed an optimum response to the 
number of fruits per truss and mean fruit weight decreased with this number. Effects 
were more pronounced at lower average LAI, for example as a result of thicker leaves 
(lower SLA) or leaf picking at an earlier developmental stage of the corresponding truss. 
In Chapter 7, strong and weak points of the tomato crop growth model TOMSIM are 
discussed, with emphasis on the interaction between dry matter production and dry 
matter partitioning. The simulation of SLA, flower and/or fruit abortion and mainte-
nance respiration rate requires more investigation, because of their crucial role in the 
control of growth and yield. Yield (fresh weight) prediction is hampered severely by 
the large variation in fruit dry matter content, whereas fruit dry matter content is not 
simulated in TOMSIM. Combining TOMSIM with a water uptake and transpiration 
model may be a first step towards a mechanistic model for fruit dry matter content. 
The question of how to validate crop growth models and the possibility of generali-
sation of the present model to other (greenhouse) crops is addressed. Validation of 
mechanistic models like TOMSIM should focus on the internal processes of the model, 
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the model components (submodels) and the interaction of the model components, as 
was done in this thesis. Independent data, not used in model development, were used 
for model validation. In the model validation, stochastic variation in model results was 
not taken into account. At this moment, TOMSIM may be considered the most 
complete and thoroughly validated growth simulator for a greenhouse crop. 
TOMSIM may well be applied to other crops, as the approach is not specific for 
tomato. However, parameter values in the model may certainly differ among species or 
even among tomato cultivars. The need of a large number of crop specific characteris-
tics seems inevitable. Faster methods of parameter estimation are needed. 
Possible applications of TOMSIM in supporting grower's decisions, in research and 
in education are discussed. TOMSIM may support the grower in strategic, tactical and 
operational management decisions and examples of each are given. In research, the 
model can be used in testing hypotheses on plant growth, as was shown for the hy-
pothesis on phloem resistance playing a role in assimilate partitioning (Chapter 5.6). 
Furthermore, the model allows to test growth or yield sensitivity to different inputs or 
parameters. TOMSIM can also play an important role in education. The results can be 
analysed by inspection of the internal behaviour of the system: the model is fully 
transparent and hence provides background information to understand the phenomena. 
In this way, students are engaged in active exploration and learning - an approach 
which is advocated in modern instruction/learning theories. 
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De hedendaagse glastuinbouw kan worden beschouwd als de meest intensieve en 
geavanceerde vorm van plantenteelt. De glastuinbouw wordt in het Engels daarom 
vaak aangeduid als "greenhouse industry", waarmee de rol van de techniek in deze 
sector benadrukt wordt. Omdat de teelt van gewassen complex is en omdat in de 
glastuinbouw de teeltomstandigheden in belangrijke mate te beïnvloeden zijn, is een 
beter begrip van de groei van kasgewassen noodzakelijk om optimaal gebruik te 
kunnen maken van de mogelijkheden van teeltbeïnvloeding. Dat geldt met name in 
deze sector, waarin diverse, vaak conflicterende doelstellingen een rol spelen. De 
kennis die noodzakelijk is voor het optimaal besturen van het produktieproces in de 
glastuinbouw is omvangrijk en beslaat diverse wetenschapsgebieden. Vanwege deze 
omvangrijke benodigde kennis, is het belangrijk algemene methoden te ontwikkelen, 
zoals verklarende simulatiemodellen. In vergelijking met het meer gebruikelijke 
empirische onderzoek, maken verklarende modellen het mogelijk om landbouwkundige 
vraagstukken wetenschappelijk te benaderen door informatie over onderliggende 
processen bij deze vraagstukken te betrekken. 
Het doel van het in dit proefschrift gepresenteerde onderzoek was het verbeteren 
van bestaande gewasgroeisimulatiemodellen voor kasgewassen, meer in het bijzonder 
de tomaat, vooral voor wat betreft de effecten van kasklimaatfactoren en 
teeltmaatregelen. Deze doelstelling werd op de volgende wijze nagestreefd: (1) het 
uitvoeren van een gedetailleerde analyse van de gewasgroei en produktie van de 
tomaat, (2) het onderzoeken, quantificeren en testen van onderliggende relaties en 
(3) het evalueren, verbeteren en valideren van het model. Als kasklimaatfactoren 
werden in het onderzoek licht, temperatuur en C02-concentratie betrokken, de te 
onderzoeken teelthandelingen waren plantdichtheid en vruchtsnoei. Het verbeterde 
simulatiemodel voor gewasgroei, -ontwikkeling en produktie bij tomaat heeft de naam 
TOMSIM gekregen. 
Het verloop in de tijd van drooggewichten van de diverse plante-organen, de 
bladoppervlakte-index (LAI), het gemiddeld specifiek bladoppervlak van het gewas 
(SLA) en de drogestofverdeling is voor 12 kasexperimenten weergegeven in 
Hoofdstuk 2. De gewassen werden in vijf verschillende jaren en in verschillende 
seizoenen geteeld in verwarmde kassen zonder CC>2-dosering. Elk experiment duurde 
ongeveer 100 dagen vanaf bloei van de eerste tros (planttijdstip). Met uitzondering van 
één experiment werden er zeven vruchten per tros aangehouden. De gewasgroei-
snelheid (tussen twee destructieve metingen) vertoonde een licht verzadigend verloop, 
wanneer deze werd uitgezet tegen de lichthoeveelheid in de kas (fotosynthetisch 
actieve straling: PAR), vermoedelijk als gevolg van C02-uitputting onder hoog licht. 
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Fitten van een lijn tussen de gewasgroeisnelheid en PAR resulteerde in een helling 
(gewasefficiëntie) van 2,5 g drogestof MJ'1 PAR. De gewasgroeisnelheid varieerde van 
vrijwel nihil in de winter tot 20 g m"2 d'1 in de zomer. De snelheid waarmee trossen aan 
de plant verschenen hing lineair samen met de temperatuur (18-23°C) met een helling 
van 0,010 trossen d'1 "C"1. Bij een temperatuur van 20°C was deze verschijnings-
snelheid 0,146 trossen per dag. De SLA, uitgezet tegen de dag van het jaar, verliep 
volgens een sinusoïde en was 175-250 cm2 g'1 in de zomer en 300-400 cm2 g"1 in het 
vroege voorjaar, de late herfst en in de winter. In de meeste experimenten was aan het 
eind 54-60% van de cumulatieve drogestofproduktie naar de vruchten gedistribueerd 
en was de verhouding tussen geproduceerd blad- en stengelgewicht 7:3. In experi-
menten uitgevoerd in de late herfst werd echter slechts 35-38% van de totale 
drogestofproduktie naar de vruchten gedistribueerd, als gevolg van een slechte 
vruchtzetting. In 11 van de 12 experimenten werd een identieke relatie tussen totaal 
geproduceerde biomassa (TDW; g m"2) en het cumulatieve vruchtdrooggewicht (FDW; 
g m"2) waargenomen: FDW = 0,642 (TDW-80). Het drogestofgehalte van de vruchten 
was gemiddeld 5,6% en vertoonde geen duidelijke relatie met het seizoen. 
Er werden zowel blad- als gewasfotosynthesemetingen verricht (Hoofdstuk 3). 
Allereerst werd door middel van groeianalyses, dus op indirecte wijze, onderzocht of 
de bladfotosynthesesnelheid afhangt van de vraag naar assimilaten (Hoofdstuk 3.1). 
Deze assimilatenvraag werd in zes kasexperimenten gevarieerd door vruchtsnoei (twee 
tot zeven vruchten per tros aangehouden), trossnoei (om de andere tros verwijderd op 
moment van bloei) of door trossnoei in planten met twee stengels. De proeven duurden 
ongeveer 100 dagen vanaf bloei van de eerste tros (plantdatum) en er werden 
periodieke destructieve metingen verricht. De drogestofproduktie werd niet beïnvloed 
door de assimilatenvraag. In vier experimenten werd bij sommige planten slechts één 
vrucht per tros aangehouden. Van deze planten was de totale drogestofproduktie 
8-24% lager dan van planten met meer dan één vrucht per tros. Dit was deels het 
gevolg van minder lichtonderschepping door de planten met slechts één vrucht per 
tros, omdat de bladeren van deze planten sterk gekruld waren en naar beneden gericht 
stonden in plaats van vrijwel horizontaal. Er werd geconcludeerd dat de invloed van de 
assimilatenvraag op de drogestofproduktie per eenheid van onderschepte straling en 
daarmee vermoedelijk ook op de bladfotosynthesesnelheid, onder normale omstandig-
heden (praktijkgewassen) verwaarloosd mag worden. 
De invloed van licht, C02-concentratie en LAI op de gewasfotosynthese van tomaat 
werd bestudeerd in Hoofdstuk 3.2. In twee daglichtcellen (vloeroppervlak 4,8 m x 5,1 m) 
van een fytotron werd de netto gewasfotosynthese gemeten (halfgesloten meet-
systeem) van een klein tomatengewas (gewasblok). Dit gebeurde bij 20°C, CO2-
concentraties van 340, 500 en 900 nmol mol'1, onder natuurlijke niveaus van 
fotosynthetisch actieve straling (PPFD; 0-1400 umol m"2 s"1) en voor verschillende LAI 
300 
Samenvatting 
(1.5-3 m2 m"2). Het was mogelijk om combinaties van hoge instraling en hoge C02-
concentraties bij normale temperaturen te meten. Door een verhoogde C02-concen-
tratie nam de bruto gewasfotosynthesesnelheid (Pgc) toe over de gehele range van 
stralingsniveaus. Wanneer de C02-concentratie verhoogd werd van 340 tot 500 
(xmol mol'1 nam Pgc met 23% toe (gemiddeld over alle lichtniveaus) en het C02-effect 
leek (slechts weinig metingen beschikbaar) toe te nemen met de lichtintensiteit. Een 
verhoging in de C02-concentratie van 500 naar 900 umol mol'1 deed Pgc toenemen met 
17% en dit percentage was onafhankelijk van het lichtniveau. Zelfs bij een lichtniveau 
van 1400 umol m"2 s'1 was Pgc nog niet lichtverzadigd: onafhankelijk van de C02-
concentratie en de LAI nam Pgc met 5-7% toe als het lichtniveau toenam van 1200 tot 
1500 umol m"2 s"1. Voor alle lichtniveaus en bij C02-concentraties van 340 of 500 
umol mol'1, nam Pgc toe met 17-21%, wanneer LAI toenam van 1,5-2,0 tot 2,5-3,0. Bij 
een C02-concentratie van 900 umol mol'1 nam deze LAI-invloed af van 30% bij een 
lichtniveau van 50 umol m"2 s"1 tot 16% bij 1400 umol m"2 s"1. Er werd geen hysterese 
('s ochtends en 's middags een verschillende fotosynthese-licht responscurve) waar-
genomen. 
In Hoofdstuk 3.3 werd het verklarende gewasfotosynthese model ASKAM (Gijzen, 
1992) gevalideerd. Bladfotosynthesesnelheden (Pg) worden in ASKAM apart gesimu-
leerd voor bladoppervlak in de schaduw en voor bladoppervlak dat direct door de zon 
beschenen wordt. Hierbij wordt rekening gehouden met de verschillende extinctie voor 
directe en diffuse straling. Pgc wordt berekend door integratie van Pg over de 
verschillende gewaslagen. De initiële lichtbenuttingsefficièntie (e) en de maximale 
bruto bladfotosynthesesnelheid (P&max) hangen beide af van de temperatuur en de C02-
concentratie. Pg,max en e worden verondersteld identiek te zijn voor alle bladeren in het 
gewas. Pg metingen lieten zien dat e en Pg.max voor tomaat niet verschillen van de 
standaardwaarden voor deze parameters in ASKAM. De gemeten scatteringscoëffi-
ciënt van de bladeren was 0.11 en de extinctiecoëfficiënt voor diffuse straling was 
0.75; beiden in overeenstemming met de standaardwaarden in ASKAM. De gewasfoto-
synthesemetingen uit Hoofdstuk 3.2 werden gebruikt voor het valideren van ASKAM. 
Hiertoe moest ASKAM aangepast worden, daar effecten van zijlicht op Pgc gesimu-
leerd moesten worden. Invoergegevens voor het model waren: de afmetingen van het 
gewas, de globale straling buiten, de fractie diffuse straling buiten (Fdif), LAI, C02-
concentratie, temperatuur en de ademhalingssnelheid (gemeten gedurende de nacht). 
Het voorspelde niveau en de dynamiek van het licht in de fytotroncel en van Pgc 
kwamen goed overeen met de metingen. Desalniettemin deed een stijging in de C02-
concentratie van 500 naar 900 umol mol"1 de gemeten Pgc toenemen met 17%, terwijl 
het model een toename met slechts 9% voorspelde. Deze onderschatting van de 
invloed van C02 bij hogere C02-concentraties werd ook waargenomen voor Pg. Corri-
geren voor de effecten van zijlicht op het gewas door dit licht volgens de procedure 
van Warren Wilson et al. (1992) op te tellen bij het licht dat bovenop het gewas valt, 
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gaf PgC-licht responscurves vergelijkbaar met die voor een "oneindig" gewas, maar de 
nauwkeurigheid van deze procedure was wel afhankelijk van o.a. LAI en gewas-
hoogte. Er werd geconcludeerd dat ASKAM een betrouwbare module is binnen het 
model TOMSIM, behalve voor wat betreft de invloed van CO2 boven 500 umol mol"1. 
De drogestofproduktie van tomaat geteeld in kassen wordt in Hoofdstuk 4 behandeld. 
In Hoofdstuk 4.1 werd een bestaand kasdektransmissiemodel gevalideerd. Dit model 
voorspelt de transmissie van directe straling op basis van zonnestand, de hoek van het 
dek met de horizon, de afmetingen van de constructiedelen in het dek, de transmissie 
van het glas en de oriëntatie van de kas. Voor diffuse straling wordt de transmissie 
berekend door een gewogen integratie van de transmissie voor directe straling over de 
hemelkoepel. De transmissie van straling door een Venlokasdek, zoals gebruikt in alle 
experimenten in dit proefschrift, werd met behulp van vier in de kas geplaatste 
buisvormige solarimeters gemeten op een hoogte van 0,5 m onder de goot. Deze 
solarimeters waren op een metalen pijp bevestigd die in een horizontaal vlak in een 
halve cirkel rond haar middelpunt draaide. Stralingsmetingen werden gemiddeld over 
intervallen van twee minuten, zodat de gemiddelde transmissie van een sector werd 
verkregen. Totale globale straling en de fractie diffuse straling werden buiten gemeten. 
Op bewolkte dagen (90-100% diffuse straling) was de transmissie van het kasdek 
vrijwel constant op een waarde van 62%, terwijl de gemiddelde dagelijkse transmissie 
per sector varieerde van 51% tot 73%. Op heldere dagen, waarbij een groot deel van 
de straling directe straling is, kon de transmissie toenemen van waarden lager dan 40% 
in de vroege ochtend tot 70% rondom het middaguur. De transmissie van het kasdek 
werd met het model berekend, waarbij de gemeten fractie diffuse straling als invoer 
werd gebruikt. Het voorspelde niveau en de dynamiek van de transmissie kwamen 
goed overeen met de metingen (heldere en bewolkte dagen in mei en november). 
In Hoofdstuk 4.2 werd het verklarende groeimodel voor kasgewassen SUKAM 
(Gijzen, 1992) gevalideerd. Hiervoor werd gebruik gemaakt van de groei-analyses uit 
Hoofdstuk 2, twee experimenten waarbij de plantdichtheid gevarieerd werd en twee 
data-sets van teelten in de praktijk. In SUKAM wordt de bruto gewasfotosynthese 
berekend zoals in ASKAM (Hoofdstuk 3.3). Gewasgroei is het resultaat van de 
dagelijkse bruto fotosynthese verminderd met de onderhoudsademhaling (Rn,; 
afhankelijk van de temperatuur en de staande biomassa) en vermenigvuldigd met de 
conversieëfficiëntie (omzetting van koolhydraten naar structurele drogestof; Cf). De 
uurlijkse waarden voor de globale straling buiten, de kastemperatuur en de CO2-
concentratie in de kas en de gemeten LAI, de drogestofverdeling (voor de berekening 
van Cf) en de orgaangewichten (voor de berekening van R,,,) werden in het model 
ingevoerd. In de meeste experimenten kwamen het gesimuleerde niveau en de 
dynamiek van de drogestofproduktie vrij goed overeen met de metingen, maar voor de 
praktijkgewassen werden de eindgewichten van de totaal geproduceerde hoeveelheid 
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drogestof onderschat met ongeveer 27%. De groeisnelheid werd onderschat onder 
omstandigheden met laag licht en zware gewassen, hoogstwaarschijnlijk als gevolg van 
overschatting van R™. Met deze overschatting kon vrijwel de gehele onderschatting 
van de gewasgroeisnelheid in de praktijkteelten verklaard worden: de praktijkgewassen 
hadden een hoge biomassa, als gevolg van een hoge groeisnelheid (er werd C02 
gedoseerd) en een lange teeltduur. Relateren van de onderhoudsademhaling aan de 
relatieve groeisnelheid (een maat voor metabolische activiteit), leidde tot een betere 
voorspelling van de groeisnelheid. Wanneer dagelijkse in plaats van uurlijkse 
klimaatgegevens gebruikt werden als invoer voor het model, werd de uiteindelijke 
drogestofproduktie met 7-11% overschat. Dit was een gevolg van de correlatie tussen 
lichtniveau en CC>2-concentratie in de kas en de niet-lineaire respons van Pgc op deze 
factoren. Indien alleen voor het licht de dagelijkse stralingssom in plaats van uurlijkse 
waarden gebruikt werd, onder gemiddelde dagelijkse C02-concentraties, werd de 
uiteindelijke drogestofproduktie slechts met 2% overschat (Hoofdstuk 4.3). 
In Hoofdstuk 4.3 is een vergelijking gemaakt tussen het drogestofproduktiemodel 
van Hoofdstuk 4.2 en TOMGRO, een bestaand gewasgroei- en -ontwikkelingsmodel 
voor tomaat. In TOMGRO wordt Pgc berekend op basis van een constante e en een 
Pg,max die proportioneel toeneemt met de C02-concentratie. Onder de meeste 
omstandigheden was Pgc 5-30% hoger in TOMSIM dan in TOMGRO. Beide modellen 
bleken erg gevoelig voor de waarde van e en, in mindere mate, voor de lichtextinctie-
coëfficiënt, terwijl de scatteringscoëfficiënt van bladeren nauwelijks invloed had op de 
gesimuleerde Pgc. In vier kasproeven, gebruikt voor modelvalidatie, bleken beide 
modellen vrijwel identieke groeicurves op te leveren. Gemeten en gesimuleerde 
gewasgroei kwamen goed overeen voor drie experimenten uitgevoerd in Wageningen, 
terwijl voor een proef uitgevoerd in Montfavet (Zuid-Frankrijk) beide modellen de 
gewasgroei met ongeveer 35% onderschatten. 
In Hoofdstuk 5 is de drogestofverdeling in tomaat onderzocht en gemodelleerd. In 
Hoofdstuk 5.1 stond de invloed van vruchten op de drogestofverdeling centraal. In 
kasexperimenten (hoofdzakelijk uit Hoofdstuk 3.1), werden tomaten gedurende 
ongeveer 100 dagen geteeld bij verschillende niveaus van vruchtsnoei. Er werd een 
sterke invloed van het aantal vruchten per plant op de assimilatenverdeling tussen het 
vegetatieve en het generatieve plantedeel waargenomen. In de laatste weken van de 
experimenten werd een vrijwel constante drogestofverdeling bereikt. De fractie droge-
stof die aan de vruchten werd toebedeeld (Ffmiu), kon in afhankelijkheid van het aantal 
vruchten per tros (nf) goed worden beschreven met een verzadigingsfunctie: FfmiU = 
nf/(2.96+nf). Dit betekent dat de generatieve sinksterkte proportioneel samenhangt met 
het aantal vruchten (interval twee tot zeven vruchten per tros) en dat de gemiddelde 
sinksterkte van een vegetatieve eenheid (drie bladeren en internodiën tussen twee 
trossen) 2.96 maal de gemiddelde sinksterkte van één vrucht bedraagt. In een 
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experiment met twee behandelingen, namelijk geen trossnoei en verwijdering van om 
de andere tros bij bloei, nam de gemiddelde fractie (tijdsinterval tussen twee 
destructieve metingen) van de drogestof die aan de vruchten werd toebedeeld (Ffnliu) 
toe met het gemiddelde aantal vruchten aan de plant (Nf) gedurende dit tijdsinterval: 
Ffiniu = Nf/(24.2+Nf), hetgeen in overeenstemming is met de gevonden relatie tussen 
Ffhiiu en nf. Het gemiddeld vruchtgewicht nam af met een toenemend aantal vruchten 
per plant, zij het minder dan proportioneel. 
De invloed van de transportafstand (weerstand in het floéem) tussen source 
(assimilerend orgaan) en sink (assimilaten importerend orgaan) op de drogestof-
verdeling tussen vruchten en het vegetatieve deel van tomaat werd bestudeerd in twee 
kasexperimenten (Hoofdstuk 5.2). Een controlebehandeling (planten met één stengel, 
geen trossnoei) en twee behandelingen met planten met twee stengels werden 
uitgevoerd: tweestengelplanten waarbij geen trossnoei werd toegepast aan de ene 
stengel en waarbij van de andere stengel alle trossen werden verwijderd bij bloei 
(100-0) en tweestengelplanten waarbij van beide stengels om de andere tros verwijderd 
werd (50-50). Plantgroei en drogestofverdeling werden door middel van periodieke 
destructieve metingen waargenomen gedurende een periode van ongeveer 100 dagen 
na bloei van de eerste tros. In de planten met twee stengels werden gelijke fracties 
drogestof aan de vruchten toebedeeld. De vegetatieve groei van de individuele stengels 
in beide behandelingen met twee stengels per plant verliep identiek, tot ca. 65 dagen na 
bloei van de eerste tros. De resultaten ondersteunden de hypothese van een gemeen-
schappelijke pool voor assimilaten en lieten geen significante invloed van afstand 
(floëemweerstand) tussen source en sink op de drogestofverdeling zien. 
De temperatuur kan de drogestofverdeling tussen vruchten en vegetatieve plante-
delen zowel direct als indirect beïnvloeden; dit laatste via de invloed op ontwikkeling 
en bloem- en/of vruchtabortie. Daarom is onderzocht of er bij tomaat een directe 
invloed van de temperatuur op de drogestofverdeling tussen vruchten en vegetatieve 
delen aanwezig is (Hoofdstuk 5.3). In een kasexperiment werden driewekelijkse 
perioden met een hoge (23°C) dan wel lage (18°C) ingestelde temperatuur afgewisseld. 
Drogestofverdeling gedurende deze driewekelijkse perioden werd bepaald door 
destructieve metingen aan planten met twee niveaus van vruchtsnoei (drie of zeven 
vruchten per tros). Indirecte invloed van temperatuur op de drogestofverdeling werd 
voorkomen door een vast aantal vruchten per tros aan te houden. Gemiddeld over een 
periode van 12 weken, beginnend bij bloei van de vijfde tros (28 dagen na planten), 
werd 53% (drie vruchten per tros) of 70% (zeven vruchten per tros) van de 
drogestofproduktie toebedeeld aan de vruchten. Deze percentages werden ook voor de 
afzonderlijke driewekelijkse perioden bepaald en bleken niet af te hangen van de 
gemiddelde temperatuur (18-24°C) gedurende deze periode. Er werd geconcludeerd 
dat de drogestofverdeling bij tomaat niet significant direct beïnvloed wordt door de 
temperatuur, hetgeen betekent dat de invloed van de temperatuur (18-24°C) op de 
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generatieve sinksterkte niet veel verschilt van de invloed van de temperatuur op de 
vegetatieve sinksterkte. 
De invloed van plantdichtheid (1,6, 2,1 en 3,1 planten m"2; plantafstand in de rij 
respectievelijk 0,80 m, 0,60 m en 0,40 m) op de drogestofverdeling werd eveneens be-
studeerd (Hoofdstuk 5.4). Een kasexperiment met periodieke destructieve metingen 
werd uitgevoerd over een periode van 105 dagen na bloei van de eerste tros (plant-
tijdstip). Per tros werden zeven vruchten aangehouden. Hiermee werden indirecte 
effecten van de plantdichtheid op de drogestofverdeling, via bloem- en/of vrucht-
abortie, voorkomen. Bij een hogere plantdichtheid was de groei per plant sterk geredu-
ceerd, maar de drogestofverdeling bleef onveranderd. Aan het eind van het experiment 
was voor alle drie de plantdichtheden 57-59% van de totale hoeveelheid geprodu-
ceerde drogestof toebedeeld aan de vruchten. 
De resultaten uit de voorgaande hoofdstukken zijn geïntegreerd in een dynamisch 
simulatiemodel (Hoofdstuk 5.5). Hierin wordt de dagelijkse drogestofverdeling tussen 
generatieve en vegetatieve plantedelen en de verdeling tussen afzonderlijke trossen 
beschreven. Het model is gebaseerd op de hypothese dat drogestofverdeling geregu-
leerd wordt door de sinksterkte van de organen aan de plant en dat deze sinksterkte 
weergegeven kan worden door de potentiële groeisnelheid, dat wil zeggen de orgaan-
groeisnelheid onder omstandigheden waarbij het assimilatenaanbod niet limiterend is. 
Binnen de plant wordt onderscheid gemaakt tussen afzonderlijke trossen en de sink-
sterkte van een tros wordt beschreven als een functie van het ontwikkelingsstadium 
van een tros. De ontwikkelingssnelheid van een tros is afhankelijk van de temperatuur 
en het ontwikkelingsstadium. De verschijningssnelheid van trossen is uitsluitend afhan-
kelijk van de temperatuur. In Hoofdstuk 3.1 werd inderdaad aangetoond dat vrucht-
snoei geen invloed op de trosverschijningssnelheid heeft. Voor alle trossen aan een 
plant wordt dezelfde potentiële groeicurve verondersteld, proportioneel met het aantal 
vruchten per tros. In een eenvoudige versie van het model worden alle vegetatieve 
plantedelen gezamenlijk als één sink gemodelleerd met een constante sinksterkte. In 
een meer gedetailleerde versie wordt de vegetatieve sinksterkte berekend als de som 
van de sinksterkten van vegetatieve eenheden. 
Het model werd gevalideerd aan de hand van zes kasexperimenten met verschillen-
de plantdata. In deze experimenten waren behandelingen opgenomen met betrekking 
tot plantdichtheid, het aantal vruchten per tros (snoei op moment van bloei), trossnoei 
(om de andere tros bij bloei) en planten met één of twee stengels. Ook werd een 
experiment, uitgevoerd in klimaatkamers bij 17, 20 en 23°C, gebruikt. De dagelijkse 
toename in bovengronds plantgewicht, de gemiddelde dagelijkse temperatuur en het 
aantal vruchten per tros werden ingevoerd in het model. Zowel de eenvoudige als de 
gedetailleerde versie van het model gaf een goede overeenkomst te zien tussen 
gemeten en gesimuleerde fractie drogestof toebedeeld aan de vruchten. De verschij-
ningssnelheid van trossen en de uitgroeiduur van een vrucht (periode tussen bloei en 
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oogstbaar stadium) werden goed gesimuleerd op basis van alleen de gemiddelde 
etmaaltemperatuur. Voor de eenvoudige versie van het model varieerde de 
hellingshoek van de lijn die de gesimuleerde en gemeten fractie, toebedeeld aan de 
vruchten, aan elkaar relateert, tussen 0,92 en 1,11. Gemiddeld was deze hellingshoek 
1,04, hetgeen een overschatting van deze fractie met 4% betekent. Voor de 
gedetailleerde versie van het model waren deze getallen iets gunstiger: respectievelijk 
0,89, 1,08 en 1,01. Uit het temperatuurexperiment kwam geen belangrijke directe 
invloed van de temperatuur op de verhouding tussen generatieve en vegetatieve 
sinksterkte naar voren. De gesimuleerde groeicurven van afzonderlijke trossen kwamen 
redelijk goed overeen met de metingen; beide modelversies overschatten echter de 
eindgewichten van de onderste drie trossen aan een plant met gemiddeld 17%. Het 
modelleren van drogestofverdeling op basis van sinksterkte van afzonderlijke plante-
organen is veelbelovend, omdat het een algemene, dynamische en flexibele benadering 
is, die resulteerde in een redelijk goede overeenkomst tussen metingen en simulatie 
onder een grote variatie in omstandigheden. Een belangrijke beperking van het model 
is echter dat het aantal vruchten per tros (bloem- en/of vruchtabortie), een belangrijk 
terugkoppelingsmechanisme, niet gesimuleerd wordt. 
Het model dat ontwikkeld, gekalibreerd en gevalideerd is in Hoofdstuk 5.5 werd in 
Hoofdstuk 5.6 gebruikt voor de herinterpretatie van een experiment dat in de literatuur 
beschreven staat. Slack en Calvert (1977) verwijderden één van de eerste negen 
trossen van een tomatenplant, zodra deze tros zichtbaar was (totaal dus negen 
behandelingen). Van de controle planten werden geen trossen verwijderd, en alle 
planten werden getopt (groeipunt verwijderd) op twee bladeren boven de tiende tros. 
De auteurs concludeerden uit hun proef dat bij afwezigheid van de meest nabije sink 
(tros), de beschikbare assimilaten getransporteerd werden naar de overige trossen en 
wel zodanig dat de dichtbijgelegen trossen hiervan het meest profiteerden. Hiermee 
suggereerden deze auteurs dat transportafstand tussen source en sink de drogestof-
verdeling beïnvloedt. Met het model, waarin transportweerstand geen rol speelt, kon 
aangetoond worden dat de resultaten van Slack en Calvert (1977), ook quantitatief, 
direct verklaard kunnen worden op basis van de opeenvolging van trossen met een 
groeiverloop dat verschoven is in de tijd. Daarom laten de resultaten van deze auteurs 
eigenlijk juist zien dat transportweerstand geen belangrijke rol speelt bij de drogestof-
verdeling in tomaat. 
Tenslotte is het drogestofverdelingsmodel, zoals dat ontwikkeld is in dit proef-
schrift, vergeleken met de simulatie van drogestofverdeling in TOMGRO, een bestaand 
dynamisch model voor gewasgroei en -ontwikkeling van tomaat (Hoofdstuk 5.7). In 
het algemeen werd de drogestofverdeling door beide modellen goed gesimuleerd voor 
de cultivar waarvoor, en de omstandigheden waaronder het model ontwikkeld was. 
TOMGRO's geringe voorspellende waarde in één van de validaties was het gevolg van 
de afwezigheid van een assimilatenpool. Om een redelijke overeenkomst tussen 
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metingen en simulaties te verkrijgen voor situaties anders dan waaronder het model 
ontwikkeld werd, moesten parameters worden aangepast. Dit was zeer waarschijnlijk 
het gevolg van cultivarverschillen, bijvoorbeeld in trosverschijningssnelheid en in 
potentiële vruchtgrootte. 
Het drogestofproduktiemodel (Hoofdstuk 4.2) en het drogestofverdelingsmodel 
(Hoofdstuk 5.5) zijn in Hoofdstuk 6.1 gecombineerd tot het dynamische gewasgroei-
en -ontwikkelingsmodel voor tomaat TOMSIM. De SLA is beschreven als een functie 
van alleen het seizoen. Er is geen directe invloed van de drogestofverdeling op de 
drogestofproduktie. De twee deelmodellen beïnvloeden elkaar via de invloed van de 
drogestofproduktie en -verdeling op LAI en staande biomassa. Uit een gevoeligheids-
analyse kwam naar voren dat de LAI erg gevoelig is voor de SLA en voor het 
ontwikkelingsstadium van de bijbehorende tros waarin van een vegetatieve eenheid het 
blad geplukt wordt. Globale straling, C02-concentratie, SLA en het ontwikkelings-
stadium van de bijbehorende tros waarin van een vegetatieve eenheid het blad geplukt 
wordt, hadden een grote invloed op de gewasgroeisnelheid, terwijl temperatuur, 
plantdichtheid, het aantal vruchten per tros en de vegetatieve sinksterkte (veel) minder 
belangrijk waren. Op lange termijn had temperatuur geen invloed op de 
onderhoudsademhaling, omdat een toename in de ademhaling per eenheid van 
biomassa als gevolg van een hogere temperatuur gecompenseerd werd door een 
afname in de staande biomassa. Het model werd gevalideerd voor vier kasexperi-
menten waarin plantdichtheid en vruchtsnoei gevarieerd werden en voor twee data-sets 
uit de praktijk. In het algemeen werd een redelijk goede overeenkomst tussen gemeten 
en gesimuleerde gewasgroei waargenomen: het uiteindelijk geproduceerde plant-
gewicht werd overschat met 0-31%. Soms werden grote verschillen tussen gemeten en 
gesimuleerde gewasgroeisnelheid waargenomen, vooral wanneer de LAI laag was. In 
de eerste weken na planten werd de LAI vaak overschat als gevolg van het 
overschatten van de SLA. In die situaties werd de groeisnelheid echter ook overschat, 
wanneer de gemeten LAI als modelinvoer werd gehanteerd. 
Het model is een waardevol hulpmiddel voor het vergelijken van diverse strategieën 
voor de kasklimaatregeling en van teeltmaatregelen. De invloed van de vruchtbelasting 
op de totale drogestofproduktie, de vruchtopbrengst en het gemiddelde vruchtgewicht 
werd in Hoofdstuk 6.2 bestudeerd met behulp van TOMSIM. Gewasgroei en 
vruchtopbrengst werden gesimuleerd over een periode van 250 dagen vanaf bloei van 
de eerste tros. Een hogere vruchtbelasting (meer vruchten per tros) had een lagere 
drogestofproduktie tot gevolg, omdat extra vruchtgroei ten koste ging van de 
vegetatieve groei. Hierdoor werden de LAI, de lichtonderschepping en de drogestof-
produktie gereduceerd. De vruchtopbrengst vertoonde een optimumcurve in relatie tot 
het aantal vruchten per tros, terwijl het gemiddeld vruchtgewicht afnam met het aantal 
vruchten per tros. Deze invloeden waren sterker bij een lagere LAI, bijvoorbeeld als 
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gevolg van dikkere bladeren (lagere SLA) of het plukken van blad in een jonger 
ontwikkelingsstadium van de bijbehorende tros. 
Sterke en zwakke punten van het gewasgroeimodel voor tomaat TOMSIM worden 
besproken in Hoofdstuk 7. De nadruk ligt op de interactie tussen drogestofproduktie 
en drogestofverdeling. De simulatie van de SLA, de abortie van bloemen en/of vruch-
ten en de onderhoudsademhaling behoeft nader onderzoek, omdat zij een cruciale rol 
spelen in de besturing van groei en produktie. Voorspellen van de produktie (versge-
wicht) wordt ernstig bemoeilijkt door de grote variatie in het drogestofgehalte van de 
vruchten, terwijl dit drogestofgehalte in TOMSIM niet gesimuleerd wordt. Het combi-
neren van TOMSIM met een model voor wateropname en transpiratie kan een eerste 
stap zijn op weg naar een verklarend model voor het drogestofgehalte van vruchten. 
De vraag hoe gewasgroeimodellen gevalideerd moeten worden en de mogelijkheden 
van veralgemenisering van TOMSIM naar andere (kas)gewassen wordt bediscussieerd. 
Validatie van verklarende modellen zoals TOMSIM dient zich te richten op de interne 
processen in het model, de onderdelen van het model (modules) en de interactie tussen 
de modelonderdelen, zoals in dit proefschrift. Onafhankelijke data, die niet gebruikt 
zijn voor de ontwikkeling van het model, zijn benut voor modelvalidatie. Hierbij is 
geen rekening gehouden met stochastische variatie in de modeluitkomsten. Op dit 
moment kan TOMSIM beschouwd worden als het meest complete en gedetailleerd 
gevalideerde gewasgroeimodel voor een kasgewas. TOMSIM kan ook voor andere 
gewassen worden gebruikt: de benaderingswijze voor de simulatie van de fenomenen 
gewasgroei en assimilatenverdeling is niet specifiek voor de tomaat. Het is wel zo dat 
parameterwaarden in het model kunnen verschillen tussen soorten en zelfs tussen culti-
vars. Het gebruik van een groot aantal gewasspecifieke parameters lijkt onvermijdelijk. 
Snellere methoden om de waarden van deze parameters te bepalen zijn noodzakelijk. 
TOMSIM kan worden toegepast bij het ondersteunen van teeltbeslissingen, in het 
onderzoek en in het onderwijs. TOMSIM kan de teler ondersteunen bij strategische, 
tactische en operationele beslissingen: van ondersteuning bij elk van deze drie typen 
beslissingen worden voorbeelden gegeven. In het onderzoek kan TOMSIM gebruikt 
worden voor het testen van hypothesen omtrent gewasgroei, zoals in Hoofdstuk 5.6 
met betrekking tot de hypothese dat transportweerstand een rol speelt in de verdeling 
van drogestof. Bovendien kan het model gebruikt worden om de gevoeligheid van 
groei en produktie voor verschillende invoergegevens en parameters te toetsen. 
TOMSIM kan tevens een belangrijke rol spelen in het onderwijs. De simulatie-
resultaten kunnen worden geanalyseerd door ook het interne gedrag van het systeem 
hierbij te betrekken: het model is transparant en verstrekt daarom achtergrond-
informatie om de diverse fenomenen te kunnen begrijpen. Op deze wijze worden 
studenten aangespoord tot zelf handelen en ontstaat een actief leerproces - een 
leersituatie die bepleit wordt in moderne theorieën omtrent instructie en leren. 
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Der Anbau und die Produktion unter Glas wird als die intensivste und diffizilste Form 
der Pflanzenproduktion betrachtet. Oft wird es in der englischen Sprache sogar als 
'greenhouse industry' bezeichnet, um so die Bedeutung der Technologie in dem 
gesamten Prozeß hervorzuheben. Wegen der Komplexität der Produktion und 
aufgrund der Möglichkeit, die Wachstumsfaktoren im Gewächshaus zu steuern, ist ein 
besseres Verständnis des Pflanzenwachstums für den optimalen Einsatz dieser 
Faktoren im Hinblick auf verschiedene, oft gegensätzliche Ziele erforderlich. Wichtige 
Techniken sind die Klimasteuerung und Optimierung sowie die Kulturverfahren. Das 
Wissen, das fur optimales Management und Steuerung des Produktionsprozesses unter 
Glas erforderlich ist, ist ziemlich kostenaufwendig und umfaßt verschiedene wissen-
schaftliche Disziplinen. Da es sehr viele verschiedene Pflanzenarten und Kultur-
verfahren gibt, bestehen keine Möglichkeiten diese in Detail zu erforschen und deshalb 
ist es sehr wichtig, allgemeine Methoden wie z.B. erklärende Modelle zu entwickeln. 
Im Gegensatz zu der mehr allgemeinen empirischen Forschung ermöglichen erklärende 
Modelle, in denen das Wissen wesentlicher Grundprozesse integriert ist, einen 
wissenschaftlichen Zugang zu z.B. landwirtschaftlichen Problemen. 
Das Ziel dieser Arbeit war es, die bestehenden Gewächshausmodelle für Tomate 
insbesondere hinsichtlich der Reaktion auf Klimabedingungen und Kulturverfahren zu 
verbessern. Dies wurde erreicht durch: (1) eine detaillierte Analyse des Pflanzen-
wachstums und der Produktion, (2) Untersuchung, Quantifizierung und Überprüfung 
der wesentlichen Beziehungen die das Pflanzenwachstum erklären und (3) Bewertung, 
Verbesserung und Validierung der Teilmodelle und von dem neu entwickelten Modell. 
Untersucht wurden die Klimafaktoren Licht, Temperatur und CO2. In Bezug auf das 
Produktionsverfahren wurden die Pflanzendichte und das Entfernen der Früchte 
untersucht. Das in der vorliegenden Arbeit verbesserte und weiter entwickelte 
physiologisch-dynamische Modell für Tomatenwachstum, Entwicklung und Ertrag 
wird als TOMSIM bezeichnet. 
Die Zeitverläufe des Trockengewichtes verschiedener Pflanzenorgane, Blattflächen-
index (LAI), spezifische Blattfläche (SLA) und Trockensubstanzverteilung ist aus 
zwölf Experimenten dargestellt (Kapitel 2). Die Kulturen wurden in geheizten 
Gewächshäusern ohne C02-Anreicherung zu verschiedenen Jahreszeiten kultiviert. Der 
Untersuchungszeitraum für die Experimente betrug fünf Jahre und jedes Experiment 
umfaßte einen Zeitraum von etwa 100 Tagen nach der Blüte des ersten Blütenstandes 
(Pflanztermin). Mit Ausnahme eines Experimentes wurden sieben Früchte pro 
Blütenstand belassen. Bestandeswachstumsraten (zwischen zwei destruktiven 
Messungen) in Abhängigkeit der photosynthetisch aktiven Strahlung (PAR) innerhalb 
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des Gewächshauses zeigten tendenziell eine Sättigungskurve. Ursache ist wahr-
scheinlich CC^-Mangel bei hoher Strahlung. Bei Berechnung einer linearen Beziehung 
zwischen Bestandeswachstumsrate und PAR resultiert eine Steigung (Bestandes-
wirkung) von 2,5 g Trockensubstanz MJ"1 PAR. Die Bestandeswachstumsrate variierte 
zwischen nahezu Null im Winter und 20 g m"2 d'1 im Sommer. Die Blütenstands-
ansatzrate mit Steigung von 0.010 Blütenständen pro Tag und Grad Celcius ist linear 
abhängig von der Temperatur (18 bis 23°C). Bei 20°C betrug diese Rate 0.146 
Blütenstände pro Tag. Die durchschnittliche SLA des Bestandes zeigte eine 
sinusförmige Beziehung zur Jahreszeit und betrug 175 bis 250 cm2 g"1 und 300 bis 400 
cm2 g'1 im frühen Frühjahr, späten Herbst und Winter. Nach Beendigung der meisten 
Versuche befand sich 54 bis 60% der kummulierten Trockensubstanz in den Früchten 
und das Verhältnis zwischen Trockengewicht der Blätter und des Triebes betrug 7 : 3 . 
Bei Pflanzungen im späten Herbst wurde jedoch nur 35 bis 38% der Trockensubstanz 
entsprechend einem schlechen Fruchtansatz zu den Früchten geleitet. Mit Ausnahme 
eines Experiments wurde die gleiche Beziehung zwischen dem gesamten Trocken-
gewicht (TDW; g m'2) und dem Fruchttrockengewicht (FDW; g m"2) festgestellt: 
FDW = 0.642 (TDW-80.0). Die Fruchttrockensubstanz lag im Durchschnitt bei 5,6% 
und zeigte keine deutliche Abhängigkeit von der Jahreszeit. 
Des weiteren wurden die Blatt- und Bestandesphotosynthese untersucht (Kapitel 3). 
Zunächst wurde der Einfluß des Sink demands auf den Source strength 
(photosynthetische Rate) untersucht. Das Sink/Source-Verhältnis wurde in sechs 
Gewächshausexperimenten manipuliert: nach dem Entfernen von Früchten (bis auf 
zwei bis sieben Früchte pro Blütenstand, wurden alle sofort nach dem Fruchtansatz 
entfernt), von Blütenständen (Entfernung jedes zweiten Blütenstandes zum Zeitpunkt 
der Anthese) und von Blutenständen bei Pflanzen mit zwei Trieben. Nach der Blüte des 
ersten Blütenstandes wurden regelmäßige destruktive Ernten während der Kulturzeit 
von etwa 100 Tagen durchgeführt. Die Trockensubstanzproduktion wurde nicht durch 
das Sink/Source-Verhältnis beeinflußt. In vier Experimenten wurden bei einigen 
Pflanzen alle Früchte bis auf eine pro Blütenstand entfernt. Bei diesen Pflanzen war die 
Trockensubstanzproduktion 8 bis 24% geringer im Vergleich zu den Pflanzen mit mehr 
als einer Frucht pro Blütenstand. Dies war zum Teil die Folge einer geringeren 
Lichtinterzeption bei diesen Pflanzen, die zum starken Rollen der Blätter, die sich nach 
unten richteten, führte. Die Wirkung des Sink-Bedarfes auf die Trockensubstanz-
produktion pro Einheit aufgenommener Strahlung und wahrscheinlich auch auf die 
photosynthetische Rate kann bei kommerzieller Tomatenproduktion ignoriert werden. 
Messungen hinsichtlich des Einflusses der Strahlung, C02-Konzentration und LAI 
auf die Photosynthese eines Tomatenbestandes sind in Kapitel 3.2 dargestellt. Die 
Netto-Photosyntheseraten eines kleinen Tomatenbestandes wurden in zwei 
Klimakammern mit einer Fläche von 4,8 m x 5,1 m (halbgeschlossenes System) bei 
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20°C, C02-Konzentrationen von 340, 500 und 900 umol mol"1, über den Bereich 
natürlicher photosynthetischer Photonen-Fluxdichten (PPFD; 0 bis 1400 umol m"2 s'1) 
und für verschiedene LAI (1.5 bis 3 m2 m'2). Das System erlaubt Bedingungen und 
Messungen mit Kombinationen hoher PPFD und hoher C02-Konzentrationen bei 
normalen Temperaturen. CO2-Anreicherung erhöhte die Photosyntheserate des 
Bestandes (Pgc) über den Gesamtbereich der PPFD. Steigende C02-Konzentrationen 
von 340 zu 500 umol mol"' erhöhten die Pgc um 23% (Durchschnitt über alle PPFD) 
und der C02-EfFekt nahm mit der PPFD zu (nur wenig Daten). Steigende C02-
Konzentrationen von 500 zu 900 umol mol'1 erhöhte die Pgc unabhängig von der PPFD 
um 17%. Auch bei einer PPFD von 1400 umol m"2 s'1, war die Pgc nicht völlig 
lichtgesättigt: unabhängig von der C02-Konzentration und der LAI nahm die Pgc um 5 
bis 7% von 1200 auf 1500 umol m"2 s"1 der PPFD zu. Bei C02-Konzentratiönen von 
340 zu 500 umol mol' nahm die Pgc bei allen PPFD bei einer Zunahme der LAI von 
1,5 bis 2,5 auf 2,5 bis 3,0 um 17 bis 21% zu. Bei einer C02-Konzentration von 900 
umol mol"1 nahm dieser Einfluß der LAI bei einer PPFD von 50 umol m"2 s"1 um 30% 
und bei 1400 umol m"2 s"1 PPFD um 16% ab. Keine Hysteresis (verschiedene Licht-
photosynthese Reaktionskurven am Morgen und am Nachmittag) wurde festgestellt. 
Das erklärende Modell für die Photosynthese eines Bestandes ASKAM (Gijzen, 
1992) wurde für die Tomate in Kapitel 3.3 validiert. Einzelne Blattphotosyntheseraten 
(Pg) werden für beschattete und sonnenbeschienene Blattflächen bei verschiedenen 
Tiefen eines Bestandes getrennt simuliert, wobei die direkten und die diffusen 
Komponenten des Lichtes berücksichtigt werden. Die Pgc wird durch Integration der Pg 
über verschiedene Tiefen berechnet. Die photochemische Effizienz (e) und die 
photosynthetische Rate des Blattes bei lichtsättigender PPFD (Pg,max) ist von der 
Temperatur und der C02-Konzentration abhängig. Es wird angenommen, daß die P^ max 
und e im gesamten Bestand identisch sind. Pg-Messungen zeigten, daß e und Pg,max bei 
Tomaten nicht sehr von Standardwerten in ASKAM abweichen. Der gemessene 
Lichtstreuungskoeffizient betrug 0,11 und der Extinktionskoeffizient für diffuse 
Strahlung betrug 0,75. Dies stimmte mit den Standardwerten in ASKAM überein. Die 
Photosynthesemessungen von Kapitel 3.2 wurden für die Modellvalidierung 
verwendet. Das Modell ASKAM mußte angepaßt werden, um die Wirkungen von 
Seitenbelichtung in einem kleinen Bestand, der für Pgc-Messungen verwendet wurde, 
zu simulieren. Bestandesdimensionen, die globale Strahlung außen und die Fraktion 
diffuser Strahlung außen (Fdif), LAI, C02-Konzentration, Temperatur und 
Respirationsrate (die während der Nacht gemessen wurde), waren die Inputgrößen des 
Modells. Das vorhergesagte Niveau und die Dynamik der PPFD innerhalb der 
Klimakammer und die Pgc zeigten eine gute Übereinstimmung mit den Messungen. 
Steigende C02-Konzentration von 500 zu 900 umol mol"1 erhöhte die gemessene Pgc 
um 17%, wobei das Modell nur eine Erhöhung von 9% vorhersagte. Diese Unter-
schätzung des C02-Einflusses bei hohen C02-Konzentrationen wurde auch für die Pg 
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beobachtet. Wenn die Pgc für Seitenbelichtung durch Hinzufugen von Seitenlicht zu 
PPFD oberhalb des Bestandes korrigiert wird, erhält man Lichtreaktionskurven, die 
repräsentativ für unbegrenzte Bestände sind, aber die Genauigkeit von der Methode 
hängt von der LAI und der Bestandeshöhe ab. Es wird die Schlußfolgerung gezogen, 
daß das Modell ASKAM ein zuverlässiges Teilmodell des Modell TOMSIM mit 
Ausnahme der Simulationen des C02-Einflusses überhalb 500 umol mol'1 ist. 
Die Trockensubstanzproduktion der Tomate wird in Kapitel 4 behandelt. Kapitel 4.1 
beschreibt die Validierung eines Gewächshaustransmissionsmodells, daß die 
Transmissionen für direkte Strahlung prognostiziert, die auf dem Sonnenstand, dem 
Dachneigungswinkel, den Dimensionen der Konstruktionsteile, der Strahlungsdurch-
lässigkeit der Glasflächen und der Ausrichtung des Gewächshauses basiert. Für die 
diffuse Strahlung wurde die Transmission durch Integration der gewichteten 
Transmission der direkten Strahlung über die Himmelssphäre berechnet. Die 
Transmission der Solarstrahlung durch ein multiplan Venlotyp-Gewächshaus, das in 
allen Gewächshausexperimenten, die hier dargestellt werden, genutzt wurde, wurde in 
einer Höhe von 0,5 m unterhalb der Dachrinnen gemessen. Für die Messungen wurden 
vier Tubensolarimeter innerhalb des Gewächshauses verwendet, die an einem Rohr 
befestigt wurden, welches einen Halbkreis in horizontaler Lage um die Mitte 
beschreibt. Die Strahlungsmessungen wurden über 2 Minuten-Intervalle gemittelt, um 
so die durchschnittlichen Strahlungsintensitäten für einen Sektor zu erfassen und 
darzustellen. Die Globalstrahlung und die Fraktion der diffusen Strahlung wurden 
außerhalb des Gewächshauses gemessen. An trüben Tagen (90 bis 100% diffuse 
Strahlung) zeigten die Messungen in der Regel konstante Werte von etwa 62% für die 
Transmission, wobei die durchschnittliche Tagestransmission für einen Sektor 
zwischen 51 und 73% lag. An klaren Tagen, wenn ein großer Teil als direkte Strahlung 
vorliegt, stiegen die Transmissionswerte von unter 40% am frühen Morgen bis zu 70% 
um die Mittagszeit. Die Gewächshaustransmission für die aktuellen Strahlungs-
bedingungen wurde von dem Modell berechnet, unter Zuhilfenahme der gemessenen 
diffusen Fraktionen. Die Vorhersage der Höhe und der Dynamik der Transmission 
waren in guter und ausreichender Übereinstimmung mit den Messungen (klare und 
trübe Tage im Mai und November). 
In Kapitel 4.2 wird die Validierung des erklärenden Modells für das Wachstums 
eines Bestandes im Gewächshaus SUKAM (Gijzen, 1992) beschrieben. Dazu wurden 
die Wachstumsexperimente von Kapitel 2 und zwei zusätzlichen Gewächshaus-
experimente, bei denen die Pflanzendichte variiert wurde, und zwei Datensätze von 
kommerziell angebauten Beständen verwendet. Die Photosynthese des Bestandes wird 
in diesem Modell entsprechend dem Model ASKAM (Kapitel 3.3) berechnet. Das 
Wachstum des Bestandes resultiert aus der täglichen Assimilationsrate des Bestandes 
abzüglich der Erhaltungsatmungsrate (R„,; abhängig von der Temperatur und des 
312 
Zusammenfassung 
Trockengewichtes des Bestandes), multipliziert mit dem Faktor für die Effizienz der 
Umwandlung (Kohlenhydrate zur strukturellen Trockensubstanz; Cf). Durchschnittliche 
Stundenwerte für die Globalstrahlung außerhalb des Gewächshauses, 
Gewächshaustemperatur und CCVKonzentrationen zusammen mit der gemessenen 
LAI, die Trockensubstanzverteilung (für die Berechnung des Cf) und die 
Trockengewichte der Organe (für die Kalkulation des Rn,) waren die Inputgrößen für 
das Modell. Das vorhergesagte Niveau und das dynamische Verhalten der 
Trockensubstanzproduktion stimmte gut mit den Messungen aus den Experimenten 
überein, aber die Trockensubstanzproduktion wurde um etwa 27% für die kommerziell 
angebauten Tomaten unterschätzt. Bei geringer Strahlung und hohem Trockengewicht 
des Bestandes wurden die Wachstumsraten unterschätzt, wahrscheinlich als Folge der 
Überschätzung des Rm. Diese Überschätzung konnte nahezu völlig die große 
Unterschätzung der kommerziell angebauten Kulturen erklären, die ein hohes 
Trockengewicht als Folge von hohen Wachstumsraten (CO2-Anreicherung) und langen 
Kulturperioden aufwiesen. Wenn die Erhaltungsatmung auf die relative Wachstumsrate 
bezogen wurde (eine der Methoden für die Bestimmung der metabolischen Aktivität) 
wurden die Vorhersagen für die Wachstumsrate des Bestandes verbessert. Die 
Trockensubstanzproduktion wurde um 7 bis 11% überschätzt, wenn Tagesdurch-
schnittswerte anstelle von Stundenklimawerten als Inputgrößen eingesetzt wurden. 
Dies wurde durch die Interaktion zwischen Licht und der CC>2-Konzentrationen und 
den nicht-linearen Beziehungen zwischen PgC) CO2 und Licht erklärt. Bei einem 
Vergleich zwischen täglichen und stündlichen Input-Werten nur für die PPFD und bei 
Verwenden von Tageswerten für die CCVKonzentration wurde die Trockensubstanz-
produktion nur um 2% überschätzt (Kapitel 4.3). 
In Kapitel 4.3 wird das Modell für die Trockensubstanzproduktion des Kapitels 4.2 
mit der Trockensubstanzproduktion des Modells (TOMGRO) für Wachstum und 
Entwicklung von Tomaten verglichen. Im Modell TOMGRO wird Pgc berechnet, 
indem ein konstantes e und ein Pg,max angenommen wird, das proportional mit CO2 
steigt. In den meisten Fällen war Pgc in dem Modell TOMSIM 5 bis 30% höher als in 
dem Modell TOMGRO. Beide Modelle reagieren sehr sensibel auf e und mit einem 
geringeren Ausmaß auf den Lichtextinktionskoeffizienten. Der Lichtstreuungs-
koeffizient der Blätter hatte dabei kaum einen Effekt auf die simulierte Pgc. In vier 
Experimenten, die für die Validierung durchgeführt wurden, ergaben sich bei beiden 
Modellen nahezu identische Kurven für das Wachstum des Bestandes. Drei 
Experimente, die in Wageningen durchgeführt wurden, zeigten eine gute Überein-
stimmung zwischen simuliertem und gemessenem Bestandeswachstum, wobei in einem 
Experiment, das in Montfavet (Südfrankreich) durchgeführt wurde, beide Modelle das 
Bestandeswachstum um 35% unterschätzten. 
In Kapitel 5 wurde die Trockensubstanzverteilung bei Tomaten experimentell untersucht 
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und modelliert. Kapitel 5.1 behandelt den Einfluß der Früchte auf die Trocken-
substanzverteilung. Die Gewächshausexperimente (hauptsächlich aus dem Kapitel 3.1), 
bei denen Tomatenpflanzen für etwa 100 Tage mit unterschiedlicher Anzahl von 
Früchten pro Blütenstand kultiviert wurden, zeigten einen starken Einfluß der 
Fruchtanzahl auf die Verteilung der Assimilate zwischen vegetativen und generativen 
Pflanzenteilen. Der Anteil der Trockensubstanz, der zu den Früchten in den letzten 
Wochen der Experimente geleitet wurde (F^iu), zu dem Zeitpunkt als eine nahezu 
konstante Verteilung der Trockensubstanz erreicht war, konnte sehr genau mit einer 
Sättigungsfunktion für die Anzahl der Früchte, die pro Blütenstand belassen wurden, 
beschrieben werden (rif): Ffmits = nf/(2.96+nf). Das bedeutet, daß der generative Sink 
proportional zu der Anzahl der Früchte war (Bereich: zwei bis sieben Früchte pro 
Blütenstand) und der durchschnittliche Sink einer vegetativen Einheit (drei Blätter und 
der Sproßinternodien zwischen zwei Blütenständen) das 2.96 fache des durchschnitt-
lichen Sinks einer Frucht betrug. Bei einem Experiment mit zwei Behandlungen, d.h. 
kein Blütenstand oder jeder zweite Blütenstand wurde zum Zeitpunkt der Anthese 
entfernt, stieg der durchschnittliche Anteil der Trockensubstanz, der auf die Früchte 
verteilt wurde (Ff^u), über einen Zeitintervall zwischen zwei destruktiven Messungen 
mit der durchschnittlichen Fruchtanzahl einer Pflanze (Nf) während dieses 
Zeitabschnittes entsprechend folgender Gleichung: Ffruiu = Nf/(24.2+Nf). Dies stimmt 
mit der Beziehung zwischen F^u und nf überein. Das Gewicht einzelner Früchte nahm 
mit steigender Anzahl der Früchte pro Pflanze weniger als proportional ab. 
Der Einfluß der Entfernung (Transportwiderstand) zwischen Source und Sink auf 
die Trockensubstanzverteilung zwischen Früchten und vegetativen Teilen bei der 
Tomate wurde in zwei Gewächshausexperimenten untersucht (Kapitel 5.2). Eine 
Kontrollbehandlung (Einzeltriebpflanzen, keine Entfernung von Blütenständen) wurde 
zusammen mit Zweitriebbehandlungen durchgeführt: Zweitriebpflanzen, bei denen bei 
einem Trieb keine Blütenstände, bei dem anderen Trieb alle Blütenstände zum 
Zeitpunkt der Anthese entfernt wurden (100-0), und Zweitriebpflanzen, bei denen bei 
beiden Trieben jeder zweite Blütenstand entfernt wurde (50-50). Pflanzenwachstum 
und Trockensubstanzverteilung wurden mittels periodischer destruktiver Messungen 
über die gesamte Kulturperiode von 100 Tagen nach der Anthese des ersten 
Blütenstandes festgehalten. Bei den zweitriebigen Behandlungen wurden gleiche 
Trockensubstanzfraktionen auf die Früchte verteilt. Bis etwa 65 Tage nach dem 
Blühen des ersten Blütenstandes war das vegetative Wachstum der einzelnen Triebe in 
den zweitriebigen Behandlungen gleich. Diese Ergebnisse unterstützen die Annahme 
eines gemeinsamen Assimilatepools und weisen darauf hin, daß es keinen signifikanten 
Einfluß der Entfernung (Transportwiderstand) zwischen Source und Sink hinsichtlich 
der Trockensubstanzverteilung gibt. 
Die Temperatur kann die Trockensubstanzverteilung zwischen Früchten und 
vegetativen Pflanzenteilen entweder direkt oder indirekt über die Entwicklung und 
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Abortion der Blüte und/oder Früchte beeinflussen. Es wurde untersucht, ob es einen 
direkten Effekt der Temperatur auf die Trockensubstanzverteilung zwischen Früchten 
und vegetativen Pflanzenteilen gibt (Kapitel 5.3). Dazu wurde ein Gewächshaus-
experiment mit alternierenden dreiwöchigen Perioden mit hohen (23 °C) und niedrigen 
(18°C) Temperatursollwerten durchgeführt. Während dieser dreiwöchigen Perioden 
wurde die Trockensubstanzverteilung mittels destruktiven Messungen bei zwei 
Niveaus der Fruchtentfernung (drei bis sieben Früchte pro Blütenstand belassen) 
bestimmt. Indirekte Temperatureffekte auf die Trockensubstanzverteilung wurden 
durch das Aufrechterhalten einer konstanten Anzahl von Früchten pro Blütenstand 
ausgeschlossen. Im Durchschnitt war der Anteil der Trockensubstanz in den Früchten 
während einer 12-Wochen-Periode, beginnend mit der Blüte des 5. Blütenstandes 
(28 Tage nach Pflanzung), 53% (drei Früchte pro Blütenstand) und 70% (sieben 
Früchte pro Blütenstand). Diese Fraktionen wurden auch getrennt für 3-Wochen-
Perioden kalkuliert und waren unabhängig von der durchschnittlichen Temperatur 
(18-24°C während dieser Periode). Dies führte zu dem Schluß, daß die 
Trockensubstanzverteilung in den Tomaten nicht signifikant direkt von der Temperatur 
beeinflußt wird. Das bedeutet, daß sich der Tempertureffekt (18-24°C) auf den 
generativen Sink nicht sehr stark unterscheidet von dem Temperatureffekt auf den 
vegetativen Sink. 
Desweiteren wurde der Effekt der Pflanzendichte (1,6, 2,1 und 3,1 Pflanzen pro m2 
zwischen den Reihen; 0,80 m, 0,60 m bzw. 0,40 m innerhalb der Reihen) auf die 
Biomassezuteilung der Früchte untersucht (Kapitel 5.4). Es wurde ein Gewächshaus-
experiment mit periodischen destruktiven Ernten fur eine Periode von 105 Tagen nach 
der Anthese der ersten Blütenstände durchgeführt. Die Blütenstände wurden auf sieben 
Früchte pro Blütenstand reduziert, auf diese Weise wurde der indirekte Einfluß der 
Pflanzendichte auf die Trockensubstanzverteilung durch die Blüte und/oder Frucht-
abortion ausgeschlossen. Bei höheren Pflanzendichten wurde das Wachstum der 
Pflanze deutlich reduziert, aber die Trockensubstanzverteilung wurde nicht beeinflußt. 
Am Ende des Experimentes war 57-59% der gesamten Trockensubstanz in den 
Früchten bei allen drei Pflanzendichten. 
Die erzielten Ergebnisse, über die in den vorherigen Kapiteln berichtet wurde, 
wurden in ein dynamisches Simulationsmodell integriert. Dieses beschreibt die tägliche 
Trockensubstanzverteilung zwischen den generativen und vegetativen Pflanzenteilen 
und die Verteilung zwischen den einzelnen Blütenständen (Kapitel 5.5). Das Modell 
basiert auf der Hypothese, daß die Trockensubstanzverteilung von den Sink Strengths 
der Pflanzenorgane gesteuert wird. Diese wird quantifiziert über die potentiellen 
Wachstumsraten, d.h. die Wachstumsraten bei nicht limitierendem Assimilatevorrat. 
Bei der Pflanze werden einzelnen Blütenstände unterschieden und der Sink Strength 
eines Blütenstandes wird als eine Funktion des Entwicklungsstadiums beschrieben. Die 
Blütenstandsentwicklungsrate ist eine Funktion der Temperatur und des Entwicklungs-
315 
Zusammenfassimg 
Stadiums des Blütenstandes. Die Blütenstandsentstehungsrate ist nur eine Funktion der 
Temperatur. In Kapitel 3.1 wurde gezeigt, daß das Entfernen von Früchten die 
Blütenstandsentstehungsrate nicht beeinflußt. 
Die gleiche potentielle Wachstumskurve, die proportional zu der Anzahl der 
Früchte pro Blütenstand ist, wurde für alle Blütenstände verwendet. In einer einfachen 
Version des Modells wurden die vegetativen Pflanzenteile als ein Sink mit einer 
konstanten Sink Strength zusammengefaßt. Bei einer differenzierteren Version wird 
die vegetative Sink Strength als die Summe der Sink Strengths von vegetativen 
Einheiten berechnet. Das Modell wurde anhand sechs Gewächshausexperimenten 
validiert, dabei wurden der Effekt des Pflanzdatums, die Pflanzendichte, die Anzahl der 
Früchte pro Blütenstand (Entfernung zum Zeitpunkt der Anthese), Entfernung der 
Blütenstände (jeder zweite Blütenstand wurde zum Zeitpunkt der Anthese entfernt) 
sowie ein- und zweitriebige Pflanzen berücksichtigt. Zudem wurde ein Experiment zu 
der Temperatur in Klimakammern bei 17, 20 oder 23°C durchgeführt. Tägliche 
Zunahme des Trockengewichtes der oberirdischen Pflanzenteile, Tagesdurchschnitts-
temperaturen und die Anzahl der gebildeten Früchte pro Blütenstand waren die Input-
Größen des Modells. Sowohl das einfache als auch das differenziertere Modell zeigten 
eine gute Übereinstimmung zwischen gemessener und simulierter Fraktion der 
Trockensubstanz, die auf die Früchte über die Zeit verteilt wurde. Auch die simulierte 
Blütenstandsansatzrate und die Fruchtwachstumsrate (die Zeit von der Anthese bis 
zum Erntestadium) zeigten basierend auf 24 Stunden Durchschnittstemperaturen eine 
gute Übereinstimmung. Bei der einfachen Version des Modells variierte die Steigung 
der linearen Kurven zwischen simulierter und gemessener Trockensubstanzanteile, die 
auf die Früchte verteilt wurden (16 Datensätze), zwischen 0,92 und 1,11. Der 
Durchschnittswert lag bei 1,04 und enthielt 4% Überschätzung dieser Fraktion. Für das 
differenziertere Modell waren die Werte etwas besser: 0,98, 1,08 bzw. 1,01. Das 
Experiment zur Wirkung der Temperatur zeigte keinen entscheidenden direkten 
Einfluß der Temperatur auf das Verhältnis zwischen generativen und vegetativen Sink 
Strengths. Die simulierten Blütenstandswachstumskurven zeigten eine gute Überein-
stimmung mit den Messungen, obwohl beide Modelle das Endtrockengewicht der 
weiter unten liegenden Blütenstände (Blütenstände 1-3) der Pflanze überschätzten (im 
Durchschnitt um 17%). Das Modellieren der Trockensubstanzverteilung, die auf dem 
Sink Strength der Organe basiert, ist vielversprechend, weil es ein allgemeiner, 
dynamischer und flexibler Ansatz ist, der eine gute Übereinstimmung zwischen 
Messungen und Simulationen für einen großen Bereich von Klima- und Kultur-
bedingungen zeigt. Die Anwendbarkeit dieses Modells ist jedoch noch begrenzt, 
solange die Anzahl der Früchte pro Blütenstand (Blüten und/oder Fruchtabortion) 




Das entwickelte, kalibrierte und validierte Modell, das im Kapitel 5.5 beschrieben 
ist, wurde angewandt, um ein Experiment, das in der Literatur beschrieben ist, zu 
interpretieren (Kapitel 5.6). Slack und Calvert (1977) entfernten einen der ersten neun 
Blütenstände einer Tomatenpflanze unmittelbar nach deren Ansatz. Bei den 
Kontrollpflanzen wurden die Blütenstände nicht entfernt und alle Pflanzen sind zwei 
zwei Blätter oberhalb des 10. Blütenstandes dekaptiert worden. Die Autoren folgerten 
daraus, daß in Abwesenheit eines Blütenstandes die Kohlenhydrate zu den nächsten 
Blütenständen geleitet werden. Dabei ist die Menge von der Entfernung der 
versorgenden Blätter abhängig. Somit wird ein direkter Einfluß der Entfernung von der 
Quelle bei der Assimilateverteilung gefolgert. Bei Anwendung des Modells, bei dem 
kein Einfluß des Transportwiderstandes bei der Substanzverteilung berücksichtigt ist, 
zeigt sich, daß die Ergebnisse von Slack und Calvert (1977) auf Basis der Reihefolge 
der Blütenstände mit Wachstumskurven erklärt werden können, die sich über die Zeit 
verschoben haben. Daher weisen ihre Ergebnisse darauf hin, daß der Transport-
widerstand keine Rolle bei der Verteilung der Assimilate spielt. 
Schließlich wird das in dieser Arbeit entwickelte Modell für die Substanzverteilung 
mit dem Teilmodell für die Trockensubstanzverteilung in dem physiologisch 
dynamischen Modell fur das Wachstum und die Entwicklung der Tomate TOMGRO 
verglichen. Im allgemeinen wurde die Trockensubstanzverteilung bei beiden Modellen 
für die Sorten und unter den Bedingungen, bei denen sie entwickelt wurden, gut 
simuliert. Die schlechten Ergebnisse nach dem Modell TOMGRO in einer der 
Validierungen, resultieren auf der Abwesenheit eines Speicher- oder Reservepools für 
die Assimilate. Um eine gute Übereinstimmung zwischen Messungen und Simulationen 
für Bedingungen zu erreichen, die nicht denen entsprechen, unter denen die Modelle 
entwickelt wurden, müssen Parameteranpassungen vorgenommen werden. Dies betrifft 
vor allen Dingen die Unterschiede in den Sorten, z.B. in der Blütenstandsansatzrate 
und der potentiellen Fruchtgröße. 
Das Trockensubstanzproduktionsmodell (Kapitel 4.2) und das Trockensubstanz-
verteilungsmodell (Kapitel 5.5) wurden im Kapitel 6.1 zu einem dynamischen Modell 
für das Wachstum und die Entwicklung der Tomate TOMSIM gekoppelt. Die SLA 
wird in Abhängigkeit von der Jahreszeit simuliert. Hier besteht kein direkter Einfluß 
auf die Trockensubstanzproduktion und auf die Trockensubstanzverteilung. Die beiden 
Submodelle interagieren über den Einfluß der Trockensubstanzproduktion und der 
Trockensubstanzverteilung auf die Blattfläche und der vorhandenen Biomasse. Die 
Sensitivitätsanalysen verdeutlichen, daß der LAI sehr sensibel auf die SLA reagiert 
sowie auf das Entwicklungsstadium des entsprechenden Blütenstandes in dem von 
einer vegetativen Pflanzeneinheit die Blätter entfernt wurden. Die Globalstrahlung, die 
C02-Konzentration, die SLA und das Entwicklungsstadium des entsprechenden 
Blütenstandes in dem von einer vegetativen Pflanzeneinheit die Blätter entfernt wurden, 
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hatten einen großen Einfluß auf das Wachstum des Bestandes, wobei die Temperatur, 
die Pflanzendichte, die Anzahl der Früchte pro Blütenstand und die vegetative Sink 
Strength von geringerer Bedeutung waren. Über einen längeren Zeitraum betrachtet, 
beeinflußte die Temperatur die simulierte Erhaltungsatmungsrate nicht, wobei 
steigende Respirationsraten, bezogen auf eine Biomasseneinheit, bei höheren 
Temperaturen durch eine Abnahme der Biomasse kompensiert wurden. Das Modell 
wurde anhand von vier Gewächshausexperimenten, bei denen die Pflanzendichte 
variiert und Früchte entfernt wurden, und anhand von Datensätzen zwei kommerziell 
angebauter und kultivierter Bestände validiert. Im allgemeinen stimmten die 
gemessenen und simulierten Wachstumsraten des Bestandes gut überein. Das 
Endtrockengewicht des Bestandes wurde um 0-31% überschätzt. Es traten auch große 
Differenzen zwischen gemessenen und simulierten Wachstumsraten des Bestandes auf, 
dies insbesondere bei niedrigem LAI. In den ersten Wochen nach Pflanzung wurden die 
LAI häufig überschätzt, weil die SLA und die Wachtumsrate überschätzt wurden. Die 
Wachstumsrate wurde ebenfalls überschätzt, wenn die gemessene LAI Input-Größe 
des Modells war. 
Dieses Modell ist ein wertvolles Hilfsmittel bei der Erarbeitung und Entwicklung 
von Strategien hinsichtlicht Klimasteuerung und Produktionsverfahren. Mit dem 
Modell TOMSIM wurde der Einfluß der Fruchtanzahl auf die gesamte 
Trockensubstanzproduktion, Fruchtertrag und durchschnittliches Fruchtgewicht 
untersucht (Kapitel 6.2). Das Wachstum des Bestandes und der Ertrag wurde über 
einen Zeitraum von 250 Tagen von der Anthese des ersten Blütenstandes simuliert. Ein 
höherer Fruchtbehang (Anzahl der Früchte pro Blütenstand) verringerte die 
Trockensubstanzproduktion, da das zusätzliche Fruchtwachstum auf Kosten des 
vegetativen Wachstums erfolgte. Dabei wurde der LAI und damit die Lichtinterzeption 
und die Trockensubstanzproduktion reduziert. Der Fruchtertrag zeigte eine optimale 
Reaktion auf die Anzahl der Früchte pro Blütenstand und das durchschnittliche 
Fruchtgewicht nahm mit einer höheren Anzahl von Früchten ab. Diese Effekte waren 
bei durchschnittlich niedrigeren LAI [z.B. wegen dickeren Blättern (geringere SLA) 
oder des Entfernens von Blättern zu einem früheren Entwicklungsstadium des 
entsprechenden Blütenstandes] deutlicher. 
Die Möglichkeiten und Grenzen, die Stärken und Schwachstellen des Modells 
TOMSIM zur Simulation des Wachstums eines Tomatenbestandes werden in Kapitel 7 
diskutiert. Hervorgehoben werden dabei die Interaktion zwischen Trockensubstanz-
produktion und Trockensubstanzverteilung. Die Simulation der SLA, von Blüten 
und/oder Fruchtabortion und die Erhaltungsrate erfordert weitere Untersuchungen und 
Forschungsaktivitäten aufgrund ihrer bedeutsamen Rolle bei der Steuerung von 
Wachstum und Ertrag (Frischgewicht). Die Ertragsprognose ist stark beeinträchtigt 
durch die große Variation in dem Trockensubstanzgehalt der Früchte, wobei der 
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Trockensubstanzgehalt der Früchte in dem Modell TOMSIM nicht simuliert wird. Die 
Kopplung des Modell TOMSIM mit einem Wasseraufnahme- und Transpirations-
modell könnte der erste Schritt in Richtung eines erklärenden Modells zur Simulation 
des Trockensubstanzgehaltes von Früchten sein. 
Die Frage nach der Validierung von Wachtumsmodellen und der Möglichkeit der 
Verallgemeinerung des vorliegenden Modells und die Anwendung auf andere 
Gewächshauskulturen ist zu lösen (klären). Die Validierung von erklärenden Modellen, 
wie bei dem Modell TOMSIM, sollte sich auf die internen Prozesse des Modells, der 
Teilmodelle (Komponenten) und auf die Interaktion der Modellkomponenten, wie dies 
hier in der Arbeit vorgenommen wurde, konzentrieren. Unabhängige Daten, die nicht 
für die Modellentwicklung verwendet wurden, wurden für die Modellvalidierung 
herangezogen. Bei der Modellvalidierung wurden die stochastische Variation der 
Modellergebnisse nicht einbezogen. Zu dem derzeitigen Zeitpunkt kann das Modell 
TOMSIM als das umfassendste und am gründlichsten validierte Wachstumsmodell fur 
Gewächshauskulturen betrachtet werden. 
TOMSIM kann gut auf andere Kulturen angewendet werden, da dieses Modell fur 
Tomate nicht spezifisch ist. Jedoch werden die in diesem Modell verwendeten 
Parameter sicherlich bei den verschiedenen Arten und Sorten variieren. Die 
Notwendigkeit der Erfassung einer großen Anzahl von kulturspezifischen Parametern 
scheint unausweichlich. Schnellere Methoden der Parameterabschätzung sind 
erforderlich. 
Mögliche Anwendungen des Modells TOMSIM zur Entscheidungsunterstützung 
von Gärtnern, für die Forschung und Beratung werden diskutiert. Das Modell 
TOMSIM kann dem Gärtner in den strategischen, taktischen und operationalen 
Entscheidungen unterstützen. Hierzu sind Beispiele aufgeführt. In der Forschung kann 
das Modell angewendet werden, um Hypothesen bezüglich des Pflanzenwachstums zu 
überprüfen, wie dies auch für die Hypothese hinsichtlich des Transportwiderstandes, 
der eine Rolle bei der Assimilateverteilung spielt (Kapitel 5.6), gezeigt wurde. 
Desweiteren ermöglicht das Modell, das Wachstum und die Ertragssensibilität 
hinsichtlich verschiedener Inputgrößen oder Parameter zu prüfen und zu beurteilen. 
Für die Ausbildung kann das Modell TOMSIM ebenfalls von großer Bedeutung sein. 
Die Ergebnisse des Modells können Hinweise auf das interne Verhalten des Systems 
geben: Das Modell ist transparent und auf diese Weise sind die Studenten aktiv am 




Velen hebben op één of andere wijze bijgedragen aan het tot stand komen van dit 
proefschrift. In het besef nooit volledig te kunnen zijn, wil ik een aantal mensen met 
name bedanken. 
Veel dank komt mijn promotor, Professor dr.ir. H. Challa toe. Hugo, ik ben je zeer 
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vinden in het onderzoek heeft sterk aan m'n wetenschappelijke vorming bijgedragen en 
heeft er zeker ook voor gezorgd dat ik het wetenschappelijk onderzoek als een fantas-
tische uitdaging ben gaan zien. 
In het verleden was het gebruikelijk in een proefschrift ook hoogleraren die tijdens 
de ingenieursstudie een belangrijke rol hebben gespeeld in de wetenschappelijke 
vorming van de promovendus, te danken. Voor mij is er alle reden dit gebruik in ere te 
herstellen. Professor dr. C.M. Karssen ben ik erkentelijk voor zijn stimulerende bege-
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Bierhuizen dank ik beiden voor de geboden mogelijkheid om me te bekwamen in het 
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Professor dr.ir. J. Doorenbos, vakgroepsvoorzitter bij mijn aanstelling, dank ik voor 
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breide, nauwkeurige metingen aan planten was dit proefschrift niet geschreven en is het 
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ondersteuning bij het praktische werk en voor het kritisch speuren naar onvolkomen-
heden in de lay-out van het manuscript. 
Ir. Leon Batta en Theo Damen dank ik voor hun inzet bij en vooral ook de 
discussies over het meten van kasdektransmissie. Leon was ook degene die behulp-
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zonder Theo zouden er geen gewasfotosynthesemetingen mogelijk zijn geweest. 
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Ep (Egbert) Heuvelink werd op 29 december 1960 in Vierakker (gem. Warnsveld) 
geboren. In 1979 behaalde hij het Atheneum-B diploma aan het Baudartius College te 
Zutphen. In hetzelfde jaar begon deze boerenzoon aan de studie Tuinbouwplantenteelt 
(gewaskundig) aan de toenmalige Landbouwhogeschool (thans Landbouwuniversiteit) 
te Wageningen. Het kandidaatsexamen werd in september 1982 en het doctoraal-
examen in januari 1985 afgelegd; beide getuigschriften werden verleend met lof. Het 
doctoraalexamen omvatte de hoofdvakken Tuinbouwplantenteelt en Plantenfysiologie 
en de bijvakken Theoretische teeltkunde en Informatica. In 1982 liep hij stage bij het 
Department of Horticulture van Wye College, University of London, Engeland. Tussen 
juli 1984 en januari 1985 was hij als studentassistent werkzaam bij de vakgroepen 
Informatica en Plantenfysiologie van de toenmalige Landbouwhogeschool. 
In januari 1985 werd hij aangesteld als wetenschappelijk projectmedewerker in 
tijdelijke dienst bij de toenmalige Landbouwhogeschool te Wageningen, met als plaats 
van de werkzaamheden de vakgroep Tuinbouwplantenteelt. In januari 1987 volgde een 
benoeming in vaste dienst in de functie van universitair docent. Naast het verzorgen 
van het onderwijs op het gebied van de groenteteelt werd op dit terrein wetenschap-
pelijk onderzoek verricht. Quantificeren en modelleren van de relaties tussen fysische 
groeifactoren en groei en ontwikkeling was de rode draad in dit eco-fysiologisch 
teeltonderzoek. Een belangrijk deel van dit werk had betrekking op het gewas tomaat 
en is grotendeels beschreven in dit proefschrift. Zijn huidige werkzaamheden liggen in 
het verlengde hiervan en omvatten, naast het verzorgen van diverse onderwijs-
elementen, in het bijzonder het quantificeren en modelleren van de relatie tussen 
omgevingsfactoren en fotosynthese, ademhaling, drogestofproduktie en -verdeling van 
kasgewassen. 
Hij is sinds 1990 lid van de Editorial Advisory Board van Scientia Horticulturae en 
tevens, sinds 1993, Book Review Editor van dit tijdschrift. 
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